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PREFACE 
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TNTRODL'CTION 


Prior  to  about  1966,  turbine  aerodynamic  design  was  considered  to  be  a 
well-proven  technology;  major  analytical  design  effort  was  being  applied 
to  compressor  aerodynamics,  because  high  turbine  efficiencies  could  be 
achieved  on  an  assured  basis.  This  is  still  relatively  true  for  uncooled 
designs  or  very  large  stages. 

The  advent  of  requirements  for  increased  turbine  inlet  temperature,  to  in- 
crease specific  horsepower  and  improve  fuel  consumption,  resulted  in  the 
experimental  discovery  of  high  secondary  loss  effects  as  well  as  deficien- 
cies in  the  design  system.  These  losses  exist  in  all  highly  loaded  cooled 
turbines,  irrespective  of  size,  but  are  especially  severe  for  the  small 
(under  one-inch  blade  span)  axial  flow  machines.  Both  basic  aerodynamic 
(cascade/channel ) effects  and  accentuated  cooling  flow  interaction  effects 
contribute  to  the  degradation. 

The  degradation  of  anticipated  efficiency  levels  even  without  air  cooling 
Injection  losses,  detracts  strongly  from  the  cycle  benefits  of  the  Increase 
temperatures,  and  in  extreme  circumstances,  could  result  in  achieving 
"temperature  for  the  sake  of  temperature  only". 

Discussions  in  1971  with  Dr.  Taylor  of  M.I.T.  and  Mr.  R.  Novak  of  Dynatech, 
then  performing  a review  of  the  total  available  literature  on  the  subject 
for  the  Air  Mobility  Research  and  Development  Laboratory  (AMRDL),  were 
unsuccessful  in  arriving  at  a succinct  definition  of  the  nature  of  the 
problem.  It  was  an  opinion  whether  the  problem  was  purely  an  "aspect  ratio 
effect  - secondary  flow  losses  introduced  by  the  (relatively)  long  chord, 
or  a result  of  using  conventional  design  limits  and  criteria  for  detail 
blade  loading  analysis  and  boundary  layer  buildup,  and  without  sufficient 
attention  to  details  of  the  endwall  phenomena. 

It  was  also  found  that  there  was  a general  lack  of  appreciation  for  the 
special  and  unique  requirements  of  small  cooled  turbines,  because  of  the 
far  higher  attention  and  investment  in  large  engines  (Reference  4).  The 
recent  Increased  level  of  requirements  for  small,  high  performance  engines 
in  L'SA,  USN  and  USAF  missions  has  given  rise  to  the  need  for  research  of 
this  nature  - to  fill  in  the  vacant  corners  of  detail  aerodynamic  knowledge 
in  blade  designs  which  must  do  the  same  aerothermodynamic  jobs  as  similar 
blades  of  four  to  eight  times  the  equivalent  size.  Figure  1 graphically 
depicts  the  turbine  blade  height  for  advanced  high  work  turbines  over  a 
wide  range  of  engine  sizes. 

A widely  used  procedure  to  estimate  turbine  efficiency  is  to  relate  turbine 
blade  loss  characteristics  to  turbine  mean  section  velocity  diagrams 
(StewartS  and  Smith6).  The  Smith  data  is  expanded  in  References  7 and  8. 

An  alternate  approach  still  using  mean  line  parameters  is  to  consider  a 
breakdown  into  individual  losses  such  as  profile,  secondary,  trailing-edge 
wakes,  Reynolds  and  Mach  number,  and  incidence,  and  to  correct  for  annulus 
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and  tip  clearance  effects.  Ainley^*^^ 
and  Balie'^l>12  Cookel3  give  exten- 
sive data  on  this  approach. 

Cold  flow  rig  test  evaltiation  of  the 
fluid  cooled  high  temperature  gas 
generator  turbine  (5  Ib/sec,  2300“F, 

138  Btu/lb)  designed  by  Teledyne  C.AK 
under  contract  to  the  Army  (Reference 
lA)  provided  observations  on  aero- 
dynamic problems  unique  to  sm.all 
cooled  turbines.  This  turbine  was 
designed  by  conventional  apprc'ach  to 
yield  an  efficiency  of  over  85  per- 
cent yet  tested  to  onlv  a peak  of  82 
percent.  Deterioration  of  performance 
was  attributed  to  high  secondary 
losses  arising  from  short,  thick 
blading,  li  w aspect  r;>tlos  and  wall 
effects.  bchlichtlng  and  Dasl5 
suggests  that  blading  with  aspect 
ratio  less  than  2.0  \.’ill  have  losses 
mainly  comprised  of  end  v;.all  or 
secondary  type.  Test  data  on  aspect  ratio  and  tip  clearance  effects  of  the 
turbine  of  Reference  lA  is  given  in  References  16  and  17.  Ihis  data  also 
suggests  a trade-off  of  increased  hub  work  for  longer  blading  to  produce 
similar  performance  as  a turbine  with  higher  rim  speeds  but  shorter  blading. 

Figure  2 summarizes  the  results  of  the  aspect  ratio  testing  (References  16 
and  17)  and  indicates  a strong  correlation  of  efficiency  with  aspect  ratio. 
The  addition  of  cooling  injection  flows  compounds  the  situation,  because 
higher  percentages  are  required  for  small,  compared  to  large  turbines. 

Dunham  and  CamelS  made  Improvements  to  the  Ainley-Mathieson  prediction 
technique  to  better  account  for  secondary  and  tip  losses;  Figure  3 shows 
a comparison  of  the  predicted  to  test  results  of  Reference  16.  Burrows^^ 
also  did  extensive  testing  and  correlated  data  on  the  low  aspect  ratio 
^ stator  of  Reference  16  for  improvements  in  efficiency  prediction. 

Northern  Research  Engineering  Corporation  (NREC)20,  was  contracted  to  do 
cascade  testing  on  the  same  family  of  turbines.  They  chose  a rectilinear 
cascade  and  concluded  that  short  blades  were  more  efficient.  However,  the 
data  also  showed  that  small  irregularities  (0.001  inch  step  in  flow  path 
and  small  leakages)  were  found  to  Increase  total  loss  coefficients  by  as 
much  as  a factor  of  5.  The  method  of  defining  the  loss  coefficients  from 
a simple  survey  can  also  lead  to  very  poor  accuracy  (Reference  21)  and 
makes  this  data  suspect. 


Figure  1.  Small,  High  Work  Turbines 
Cover  a Wide  Spectrum  of 
Core  Air  Flow. 
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TURBINE  EFFICIENCY 


ROTOM  llAOl 
TIP  ClEARANCt 
AS  PERCENTAGE 


Figure  2.  Turbine  F.fficiency  Shows 
a Strong  Dependency  on 
Blade  Height  and  Tip 
Clearance . 


The  location,  amount,  and  type  of 
cooling  injection  influence  aerody- 
namic losses.  Some  of  the  most  recent 
studies  are  given  in  References  21 
through  25. 

Boundary  layer  and  end-wall  effects 
have  been  examined  theoretically  and 
semi  empirically  (References  26 
through  31).  Agreement  between  test 
and  theory  is  difficult  to  achieve 
with  three-dimensional  flows,  blade 
row  interactions  and  high  Mach  number 
effects.  Inlet  boundary  layer  and 
distortion  effects  under  adverse 
pressure  gradients  in  small  channels 
are  not  documented,  or  the  data  is 
scarce.  Launder  28  presents  data 
showing  laminar 1 zat ion  of  the  boundary 
layer  flow  in  highly  accelerating 
channels,  and  Turber^^  concludes  that 
the  end-wall  boundarv-layer  inside  a 
stator  passage  is  essentially  inde- 
pendent of  the  boundary  laver  enter- 
ing the  cascade. 
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Figure  3.  Dunham  & Came  Turbine  Efficiency  Prediction  Vs.  Test  Data. 
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Design  and  test  of  a higtily  loaded  turbine  is  given  in  References  32  through 
34.  Boundary  layer  analysis  is  used  to  define  blade  and  wall  shapes,  and 
tests  demonstrate  high  performance  capabilities.  High  aspect  ratios,  thin 
trailing  edges,  and  thin  airfoils  characteristic  of  the  large  uncooled  turbo- 
fan turbine  could  not  be  used  in  a ''small"  cooled  machine.  The  approach 
shows  potential,  but  application  of  a simple  free  vortex  turbine  in  the  same 
flow  path  and  with  the  same  mean  velocity  triangles  was  projected  to  produce 
the  same  efficiency  as  the  tested  forced  vortex  turbine  of  Reference  32. 

Allison,  under  contract  to  NASA  (Reference  35),  performed  cascade  and  full- 
round  testing  on  a high  work  factor  (Op  = 5.5)  turbine  using  vortex  flow 
generators,  tandem  blading,  tangential  blowing,  and  jet  flaps.  They  showed 
that  the  jet  flap  has  significant  potential  for  improved  performance  in 
cooled  and  uncooled  configurations  (Reference  36). 

Turbulence,  intensity  and  Reynolds  number  effects  on  cascade  losses  are 
given  in  References  37  and  38.  Interestingly,  stator  losses  were  found 
to  increase,  whereas  rotor  losses  decreased  with  Increases  in  inlet  tur- 
bulence. Decreased  rotor  losses  were  attributed  to  a reduction  of  off- 
design  incidence.  Test  data  on  this  subject  is  scarce. 

From  the  above  literature  survey  it  was  concluded  that  there  are  two  main 
technical  approaches  that  can  be  made. 

1.  Use  of  the  simpler  methods  of  analysis  allows  design  of  a turbine 
whose  performance  is  readily  predictable  in  large  turbine  sizes 
and  high  aspect  ratios.  Small  turbines  incur  additional  losses 
due  to  factors  not  considered,  or  due  to  inherent  losses  of  size 
and  wall  effects.  Small  turbine  blade  losses  can  be  modified  by 
Inclusion  of  an  end-wall  or  similar  semiemplr teal  factors  for 
performance  prediction.  This  means  that  small  turbines  are  ac- 
cepted to  be  Inherently  poor  in  performance,  and  the  test  program 
and  correlations  should  define  extent  and  provide  inputs  for  accu- 
rate prediction. 

2.  A modified  design  approach  can  be  made  to  Include  local  cooling 
losses,  mass  flow  mixing,  blockage  factors  and  detailed  blade 
loss  definition  in  each  stream-tube.  Iterating  this  procedure 
against  detailed  airfoil  shape  definition  with  boundary  layer 
calculations  in  the  separate  stream-tubes  (walls  and  blade  sur- 
faces) will  result  in  blading  that  is  a significantly  better 
match  from  stator  to  rotor,  and  will  not  result  in  additional 
penalities  that  must  be  solely  accounted  for  in  small  turbines. 

The  latter  approach  was  selected  for  the  Advanced  Small  Axial  Turbine 
Technology  (ASATT)  program  supplemented  by  cascade  and  full  round  test 
programs.  The  data  correlations  obtained  during  testing  can  be  added  to 
existing  procedures  to  satisfy  the  first  approach  as  a natural  sequence 
and  consequence  of  events. 
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The  ASATT  program  was  planned  to  fill  part  of  the  data  void  with  respect  to 
the  design  of  small,  highly  loaded,  cooled  turbines.  The  program  was 
arranged  in  five  phases  described  briefly  as  follows: 

Phase  1:  Preliminary  Design 

A baseline  turbine  geometry  was  established  by  a preliminary 
turboshaft  engine  design  study. 

Phase  II:  Turbine  Cascade  Investigation 

The  baseline  turbine  aerodynamics  were  tested  in  an  annular 
sector  cascade.  Various  perturbations  to  the  flow  channel 
aided  evaluation  of  loss  mechanisms. 

Phase  111:  Stage  Investigations 

The  baseline  turbine  aerodynamics  were  tested  in  the  turbine 
stage  and  turbine  performance  was  evaluated  for  a number  of 
var iables . 

Phase  IV:  Design  Technique  Assessment 

The  data  correlations  from  Phases  II  and  111  were  examined 
against  the  original  design  model.  Modifications  of  the 
model  were  performed  to  achieve  satisfactory  agreement. 

Phase  V:  Modifications  and  Test 


The  modified  design  technique  was  used  to  predict  the  per- 
formance of  the  turbine  after  a geometric  modification  was 
made  to  improve  performance.  The  turbine  was  retested  to 
verify  the  predicted  performance. 

A detailed  discussion  of  each  phase  appears  in  the  next  section,  followed 
by  some  pertinent  conclusions  drawn  from  the  overall  program  and  recom- 
mendations for  future  effort  in  this  area. 
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PHASE  I - TECHNICAL  DISCUSSION 


PRELIMIN/\RY  DESIGN 


The  Phase  I effort  was  directed  toward  the  prelimlnarv  design  of  the  re- 
search turbine  and  was  divided  into  the  following  tasks: 

1.  Cursory  Engine  Design 

2.  Turbine  Preliminary  Detail  Design 

OBJECTIVES 


The  primary  objectives  of  the  Phase  I effort  were: 

1.  To  establish  a valid  turboshaft  engine  environment  and 
define  the  engine  interface  constraints  within  which  to 
design  a realistic  small,  highly  loaded,  cooled  turbine. 

2.  To  choose  one  turbine  design  of  maximum  value  to  the  pur- 
poses of  the  program,  optimize  its  design  within  current 
knowledge,  and  lay  the  foundation  for  overall  program 
aerodynamic  analyses. 

CURSORY  ENGINE  DESIGN 


Several  turboshaft  engine  configurations  were  investigated  between  12:1 
(170  Btu/lb)  and  16.3:1  (200  Btu/lb)  pressure  ratio  and  temperature  levels 
of  2200°  and  2500°F  as  to  their  Influence  on  turbine  cooling  requirements, 
airfoil  and  passage  shapes,  life  and  manufacturability.  One  design  was 
chosen,  representative  of  the  most  highly  loaded,  highest  temperature 
level,  single-stage  turbine,  deemed  practical  for  the  program. 

The  engine  configurations  consisted  of  the  following  component  arrangement. 

Axial-centrifugal  compressor  combination  (2-stage  and 
3-stage  axials) 

Reverse-flow/annular,  vaporizing  combustor 
Single-stage,  axial-flow,  gas  generator  turbine 
Two-stage  power  turbine  with  a front  drive  shaft 
^ Two-bearing,  gas  generator  shaft  configuration 

Two  engine  cross-sections  complying  with  the  above  stated  arrangements  are 
shown  in  Figures  A and  5.  The  major  difference  in  the  configurations  is 
the  number  of  axial  compressor  stages  required  for  the  higher  work,  higher 
pressure  ratio  configuration. 
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25.7  IN 


Figure  A.  Candidate  Engine  Configuration  No,  1. 


25.7  IN. 





Figure  5.  Candidate  Engine  Configuration  No.  2. 
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CYCLE  ANALYSIS 


Table  1 lists  the  performance  of  the  various  candidate  engine  cycles  investi- 
gated. The  component  efficiencies  are  based  on  technology  representative 
of  Teledyne  CAE  experience  in  the  development  of  small  components.  The 
parasitic  losses  such  as  overboard  leakage,  windage,  seal  friction,  bearing 
friction,  and  duct  pressure  loss  are  expected  to  be  realistic  for  a well 
manufactured  and  well  assembled  engine,  with  particular  attention  paid  to 
sealing  high  pressure  flanges.  The  computer  output  for  each  of  the  cycle 
points  listed  is  Included  in  Appendix  A. 

The  cycle  performances  for  the  various  engines  is  shown  in  Figure  6 in 
terms  of  specific  power  and  specific  fuel  consumption  as  a function  of 
compressor  pressure  ratio.  The  band  shown  for  the  two  turbine  inlet 
temperatures  is  caused  by  the  varied  component  efficiencies  and  the  turbine 
cooling  requirements. 

The  cycle  design  point  was  selected  at  a cycle  pressure  ratio  of  13.3 
(total-static)  and  a turbine  inlet  temperature  of  2400°F.  The  rationale 
for  the  selection  was  based  on  component  constraints. 

The  constraints  of  turbine  work  (170-200  Btu/lb)  and  nozzle  inlet  temper- 
ature (2200-2500°F)  were  Imposed  by  the  work  statement,  and  the  wheel 
speed  range  (54,000-62,000  rpm)  was  implied  from  specific  speed  and  com- 
pressor matching  analysis.  A selection  of  180  Btu/lb,  2400°F,  60,000  rpm 
design  point  reflected  a best  judgment  choice  within  the  imposed  and  implied 
constraints. 

COMPRESSOR 

Axial-centrifugal  stage  matching  analysis  of  the  compressor  was  performed 
to  determine  the  best  pressure  ratio  split  between  the  axial  and  centri- 
fugal (Figure  7).  The  matching  analysis  yielded  an  axial  compressor 
pressure  ratio  of  3.0  (total-static)  and  a centrifugal  compressor  pressure 
ratio  of  4.43  (total-static).  The  selected  split  was  aided  bv  setting  the 
following  bounds:  WN^  limit  (2.3),  an  Indlctator  of  maximum  stress;  a 

minimum  specific  speed  limit  of  70,  to  achieve  good  centrifugal  efficiency; 
and  a pressure  ratio  of  3.0  (total-static)  for  the  axial  as  the  maximum 
pressure  ratio  for  two  axial  stages. 

COMBUSTOR 

The  selection  of  a combustor  type  and  flow  path  was  determined  by  a trade- 
off between  enyelope  requirements,  compressor  and  turbine  geometry,  com- 
bustor loading  parameters,  and  relative  experience  with  various  combustor 
conf Igurat ions . 

The  flow  paths  of  the  centrifugal  compressor  and  axial  flow  turbine  blend 
well  with  the  reverse-flow,  annular  combustor.  This  combination  has  the 
added  benefit  of  minimizing  engine  length.  In  addition,  the  combustor 
envelope  allowed  by  the  centrifugal  compressor  diameter  precludes  the 
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Figure  6.  Turboshaft  Engine  Cycle  Figure  7.  Axial-Centrifugal  Stage 
Performance  at  100  Percent  Matching  Criteria. 

Power . 


necessity  for  an  advanced  technology  combustor,  thus  loading  parameters 
can  be  kept  within  or  near  demonstrated  experience.  Consequently,  the 
reverse-flow,  annular  type  combustor  is  well  suited  for  this  application. 

The  flow  path  of  the  reverse-flow,  annular,  vaporizer  combustor  is  shown  in 
the  engine  layout  (Figure  4),  and  the  design  point  parameters  are  presented 
in  Table  2.  Also  included  in  Table  2,  for  comparison,  are  the  design  point 
parameters  of  several  similar  combustors  which  form  the  basis  for  this 
design. 

A preliminary  estimate  of  the  flow  split  Indicates  that  approximately  39 
percent  of  the  engine  airflow  is  required  for  combustion  and  32  percent 
for  cooling  the  static  and  rotating  components.  This  leaves  29  percent 
for  dilution  and  tailoring  of  the  exit  temperature  profile  to  achieve  the 
design  point  pattern  factor  (TDF)  of  0.23.  This  is  well  within  the  ex- 
perience level  indicated  in  Table  2. 

TURBINE  PRELLMINARY  DESIGN 

During  the  cursory  engine  design  some  preliminary  turbine  design  was  per- 
formed to  assure  that  the  combinations  of  turbine  inlet  temperature, 
turbine  work  level  and  wheel  speed  would  provide  a turbine  design  close  to 
optimum.  A free-vortex,  simple  radial  equilibrium  computer  program  was 
used  for  the  preliminary  design  study.  The  program  calculates  hub,  mean 
and  tip  velocity  triangles  parameters  at  the  turbine  nozzle  inlet,  exit 
and  rotor  inlet  and  exit.  (Phase  TV  discussion  of  this  report  includes  a 
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detailed  description  of  the  modified  Ainley  procedure).  The  effect  of 
rotor  tip  clearance,  rotor  exit  swirl,  axial  velocity  ratio,  trailing  edge 
radii,  incidence,  profile  loss,  Reynolds,  Mach  number  and  endwall  loss  are 
included  in  the  calculation.  A base  turbine  design  was  established. 

Various  design  configurations  were  investigated  by  allowing  only  one  para- 
meter to  vary  from  its  base  value.  Figure  8 shows  the  relative  effect  on 
efficiency  as  a result  of  the  variation  of  some  of  these  parameters.  The 
base  value  for  each  parameter  corresponds  to  the  AV  = 0 value  for  these 
curves,  (i.e.,  base  cotor  tip  clearance  = 0.01  inch,  base  stage  exit  axial 
velocity  ratio,  Vx/V'c^g,  = 0.A5). 

Two  cycle  points  representat iv'e  of  the  extremes  were  chosen  for  the  pre- 
liminary turbine  design  study:  2200°F  - 170  Btu/lb  and  2500°F  - 200  Btu/lb. 

Various  hub  stage  loadings  (flp)  were  investigated  over  a range  of  flow 
coefficients  to  obtain  maximum  efficiency.  An  exit  swirl  of  18  degrees  was 
set  as  the  maximum  permissible  in  a gas  generator  turbine  application. 
Relative  efficiency  variations  for  the  two  turbine  cycle  points  are  shown 
in  Figures  9 and  10.  The  results  showed  that  the  efficiency  continued  to 
increase  with  higher  loading  and  higher  flow  coefficient  until  limit  load 
or  rotor  choking  occurred.  In  both  cases  limit  load  was  indicated  beyond 
a hub  loading  factor  of  5.0.  The  velocity  triangle  parameters  of  interest 
are  shown  as  a function  of  hub  stage  loading  for  the  two  cases  in  Figures 
11  and  12.  The  nozzle  discharge  critical  velocity  ratios  at  the  hub  for 
both  cases  were  well  into  the  transonic-supersonic  region  over  most  hub 
stage  loadings.  The  rotor  relative  critical  velocity  ratios  at  the  hub 
inlet  at  loadings  above  5.0  result  in  values  above  0.80.  At  the  rotor 
discharge  tip,  the  relative  critical  velocity  ratios  decrease  with  in- 
creased loadings  and  are  transonic  at  a hub  loading  near  5.0.  There  is 
no  appreciable  difference  between  the  twc  cases  on  the  basis  of  the  velocity 
comparison.  The  effect  of  loading  on  rotor  blade  geometry  in  terms  of 
inlet  angle  and  turning  is  shown  in  Figure  12.  At  hub  stage  loadings 
between  4.0  and  5.0  there  is  very  little  difference  in  the  two  turbine 
cases;  however,  above  a loading  of  5.0,  rotor  hub  turning  increases  above 
120  degrees. 

F.xcesslve  hub  turning,  particularly  when  associated  with  low  hub  reaction, 
should  be  avoided  since  the  combination  leads  to  thicker  boundary  layers, 
larger  secondary  losses  and  possible  separation  of  flow  (10).  Figure  11 
demonstrates  the  increase  in  rotor  hub  inlet  relative  velocity  ratio  and 
therefore  implied  decrease  in  hub  reaction  which  was  associated  with  the 
increase  in  turning  as  rotor  hub  loading  was  increased. 

The  preliminary  turbine  design  process  also  Includes  an  initial  estimate 
of  turbine  cooling  requirements  to  achieve  a desired  life,  the  flow  path 
size  and  number  of  vanes  and  blades,  and  the  weight  of  the  blades  and  disk. 

The  structural  design  of  the  turbine  is  based  on  a life  of  at  least  750 
hours  at  100  percent  power,  and  15,000  cycles  of  low  cycle  fatigue  life. 
Figure  13  shows  the  variation  of  required  cooling  for  the  two  cases  of 
fatigue  life  as  a function  of  hub  stage  loading.  The  tmiterlal  strength 
properties  of  IN713C  were  used  for  the  purposes  of  this  preliminary 
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Figure  9.  Performance  Effects  for 
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Figure  10.  Performance  Effects  for 
2500°F  - 200  Btu/lb 
Turbine . 
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Figure  11.  Nozzle  and  Rotor 
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Figure  12.  Effect  of  Loading  on 
Rotor  Blade  Geometry. 
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analysis.  Blade  hub  stress,  consider 
ins  centrifugal  only  stress,  is  also 
shown  for  each  case.  The  results 
indicate  that  a minimum  cooling  re- 
quirement and  hub  stress  exist  at  a 
hub  stage  loading  between  5.0  and  6.0 

The  turbine  size  and  the  number  of 
vanes  and  blades  as  a function  of 
loading  for  the  two  cases  are  shown 
in  Figure  lA.  The  turbine  size, 
represented  by  the  vane  exit  height, 
increases  rapidly  with  Increasing 
loading,  while  the  number  of  vanes 
required  remains  relatively  constant. 
The  number  of  vanes  required  were 
identical  for  the  two  cases.  The 
number  of  rotor  blades  required  in- 
creased with  increased  loading  and 
remained  nearly  identical  for  the 
two  cases  up  to  a loading  of  5.0. 

The  effect  of  loading  on  turbine 
rotor  weight  is  shown  in  Figure  15. 
The  weight  decreases  with  increased  loading  for  both  cases  up  to  a loading 
of  5.0.  Beyond  5.0,  the  2500°F,  200  Btu/lb  turbine  Increases  while  the 
2200°F,  170  Btu/lb  turbine  continues  to  decrease.  It  is  interesting  to 
note  that  the  2500°F,  200  Btu/lb  turbine  had  a smaller  vane  height  but 
resulted  in  a heavier  turbine.  This  result  is  explained  by  examining  the 
effect  of  turbine  work  on  turbine  hub  radius.  A turbine  work  Increase 
(A  H)  results  in  an  increase  of  hub  radius  at  constant  hub  loading  (n^) 
and  constant  rotor  speed.  Although  rotor  speed  changed  slightly  for  the 
two  cycle  points  investigated,  the  net  result  Increased  the  turbine  rotor 
hub  diameter  and  therefore  resulted  in  a larger  and  heavier  turbine  disk. 

The  preliminary  turbine  analysis  of  the  two  cycle  points  provided  suffi- 
cient aerothermodynamic  data  to  assess  the  merits  of  the  candidate  turbine 
designs  and  to  aid  in  the  selection  of  the  cycle  point.  The  selected  cycle 
point  shown  in  the  last  column  of  Table  1 requires  a turbine  inlet  tempera- 
ture of  2400°F  and  turbine  work  of  180  Btu/lb.  The  preliminary  turbine 
design  program  was  used  to  generate  the  effect  of  flow  coefficient  on 
relative  efficiency  difference  (Figure  16)  at  three  hub  stage  loadings  3.0, 
4.0  and  5.0  and  an  average  flow  coefficient  of  0.67.  The  selected  design 
point  parameters  are  compared  to  the  two  cycle  points  Investigated  (Table 
3)  on  a qualitative  and  quantitative  basis  at  hub  stage  loadings  of  5.0. 

The  comparisons  point  out  that  the  selected  turbine  design  point  falls 
within  the  two  cases  investigated  parametrically. 


MUBSTAOl  LOADING 


Figure  13.  Turbine  Cooling  Require- 
ments . 
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Subsequent  turbine  analysis  based  on  Ainl ey/Matliieson  (Ref.  9 & 10)  and 
Teledyne  CAK  experience  (Appendix  B)  indicated  that  the  required  turbine 
work  of  the  selected  cycle  (2A  180/2400)  should  be  more  realistically  pro- 
vided with  a 1.75  pressure  ratio  turbine  stage  at  a minimum  uncooled  turbine 
efficiency  of  80.2  percent.  As  a result,  this  was  adopted  as  the  design 
goal.  Other  widely  accepted  works  of  S.  F.  Rmith^  and  K.  I. . Stewart'’  indi- 
cate significantly  higher  performance  potential.  Based  on  the  Smith  corre- 
lation a turbine  efficiency  better  than  9]  percent  could  be  expected  from 
stage  loading  and  flow  coefficient  (Figure  16)  at  zero  tip  clearance.  In 
terms  of  velocity  diagram  parameters,  the  Stewart  correlations  predict  on 
efficiency  of  84. S percent.  With  the  80.2  percent  uncooled  efficiency  goal, 
the  impact  on  the  cycle  (2A  180/2400)  is  approximately  a 3.4  percent  reduc- 
tion of  power  turbine  work  and  a like  Increase  in  engine  specific  fuel  con- 
sum.ptlon.  This  loss,  however,  could  be  partially  recovered  with  the  in- 
creased performance  potential  indicated  by  Smith  and  Stewart.  Consequently, 
the  results  of  the  engine  cycle  analysis  was  considerpA  sufficiently  accu- 
rate and  furtlier  cycle  iterations  discontinued. 

Based  on  the  above  a summary  of  the  gas  generator  turbine  parameters  at  the 
100  percent  power  design  point  is  shown  in  the  following  table  (ASATT  Tur- 
bine Design  Point  Summary  excerpted  from  Appendix  B) . 


Physical  Airflow  - Ib/sec  4.8 

Corrected  Flow  - Ib/sec  0.90 

*Ktficiency  (T-T)  - percent  80.2 

Actual  Work  - Btu/lb  180 

Referred  Work  (A  H/Ocr)  " Btu/lb  33.4 

Nozzle  Inlet  Temperature  - °F  2400 

Nozzle  Inlet  Pressure  - psia  188.6 

Physical  Speed  - rpm  60,000 

Referred  Speed  - rpm  26,010 

Pressure  Ratio  (Hot)  - (T-T)  3.75 


*Uncooled  Thermodynamic  Efficiency. 
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Figure  16.  Performance  Effects  on 
240QOF  - 180  Btu/lb 
Turbine . 


The  preliminary  turbine  flow  path 
selected  for  detail  analysis  is  shown 
in  Figure  17.  The  initial  preliminary 
design  investigation  for  the  180/2400 
turbine  design  with  'j . 0 hub  stage  load- 
ing and  0.67  flow  coefficient  indicated 
a 26  vane  and  42  blade  requirement 
(Table  3).  Subsequent  heat  transfer 
analysis  and  design  of  the  nozzle  cool- 
ant scheme  lead  to  a necessary  increase 
in  nozzle  axial  chord.  In  order  to 
maintain  an  axial  solidity  of  1.0,  the 
number  of  vanes  was  decreased  to  20. 
Stress  analysis  required  a prime  number 
of  blades  and  therefore  the  nearest 
prime  number,  41,  was  chosen.  The  flow 
path  in  Figure  17  represents  the  re- 
sultant 20  vane;  41  blade  configuration 
Velocity  triangles  corresponding  to 
this  flow  path  at  hub,  mean  and  tip 
sections  are  shown  in  Figure  18. 


TURBINE  DETAIL  DESIGN 


The  baseline  flow  path,  based  on  the  free-vortex,  constant  work,  and  mean- 
line design,  was  analysed  using  streamline  analysis  techniques.  The  ef- 
fects of  radial  distributions  of  pressure  loss,  whirl  velocity,  and  work 
on  the  flow  field  were  investigated  and  an  optimum  final  design  was  selected 
Additional  discussion  of  design  technique  is  presented  in  Phase  IV. 

Flow  Path 

The  Teledyne  CAE  axial  flow  turbomachinery  flow  path  design  technique  con- 
sists of  an  axisymmetric  streamline  analysis  which  gives  a solution  along 
arbitrary  straight  lines  in  the  meridional  plane.  .Station  calculations 
are  not  independent  in  this  solution  but  are  tied  to  each  other  by  a spline 
fit  through  streamline  radii  and  another  curve  fit,  to  compute  gradients  in 
meridional  velocity. 
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Figure  17,  Preliminary  Turbine  Flow  Path 
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Figure  18.  Preliminary  Velocity  Triangles  (Free-Vortex) 


Velocity  calculations  alonp,  an  arbitrary  line  in  the  meriilional  plane  arc 
based  on  the  momentum  equation,  which  accounts  for  streamline  curvature 
and  entropy  gradients.  The  expression  for  velocity  is  obtained  from  con- 
sideration of  three-dimensional  flow-through  turbomachines  in  a cvlindrical 
coordinate  system. 

Once  the  velocity  distribution  calculations  are  performed  at  a given  station, 
a continuity  calculation  is  made  and  the  calculated  flow  is  checked  against 
the  flow  design.  If  the  comparison  is  not  satisfied,  then  the  velocltv 
distribution  calculation  is  repeated  by  assuming  a new  value  at  the  hub 
station.  This  process  is  repeated  until  the  continuity  check  is  satisfied. 
When  the  continuity  check  is  completed,  streamline  shaft  calculations  are 
then  performed  at  all  stations.  When  continuity,  streamline  shaft  and 
velocity  checks  are  satisfied,  the  solution  is  considered  to  be  complete. 

In  the  program  the  stators  are  described  by  inputing  distributions  of  loss 
coefficient  and  tangential  velocity  or  angle.  For  rotors,  input  distri- 
butions of  loss  coefficient  and  exit  total  temperature  or  total  pressure 
are  given.  The  program  also  handles  inlet  profiles  for  inlet  total 
temperature  and/or  pressure. 

A radial  distribution  of  pressure  loss  was  estimated  for  the  stator  and 
rotor  to  arrive  at  a more  realistic  flow'  field.  The  distribution  was 
tailored  after  the  division  of  total  pressure  loss  determined  by  the  loss 
system  during  preliminary  design.  Figure  19  shows  the  stator  and  rotor 
loss  divided  into  endwall,  profile,  mixing  and  tip  clearance  on  an  average 
basis.  The  loss  distributions  estimated  for  the  streamline  analysis  are 
showm  in  Figure  20.  The  distributions  are  biased  to  account  for  the  ex- 
pected high  loss  regions.  The  stator  loss  distribution  was  biased  to  the 
inner  and  outer  flow-path  regions  to  reflect  the  increased  loss  caused  by 
secondary  flows.  The  rotor  was  heavily  biased  over  the  huh  to  the  mid-span 
region  to  account  for  the  high  loss  expected  due  to  high  blade  loading  and 
relatively  low  reaction. 

Nine  streamline  analysis  computer  solutions  (Table  4)  were  processed  using 
various  combinations  of  stator  exit  tangential  velocity,  radial  work 
gradient,  pressure  loss,  and  inlet  temperature  distortion  (TDF). 

Computer  runs  1 through  5 were  performed  with  various  combinations  of  stator 
and  rotor  pressure  loss  and  stage  xvork  gradients,  either  constant  or  as  a 
function  of  radltis.  Computer  run  3 did  not  converge  because  of  severe 
axial  velocity  gradients  imposed  by  the  radial  losses  and  lilgh  work  in  the 
hub  region. 

Run  6 was  performed  with  radial  distributions  of  pressure  loss  and  work  with 
an  inlet  temperature  distribution  introduced,  typical  of  combustor  exit 
pattern  (Figure  22)  (TDF  » 0.23).  The  radial  distribution  of  work  used  for 
runs  4 through  9 is  shown  in  Figure  21.  Run  7 was  performed  with  the 
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Farameter  is  Constant  with  Radial  Span. 
Parameter  Varies  with  Radial  Span. 
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flow  path  modified  for  a constant  tip  radius  rotor.  Run  7A  was  later  ob- 
tained as  a variation  on  Run  7,  with  radially  constant  exit  total  pressure, 
and  was  the  solution  selected  for  the  continued  design  analysis.  Runs  1 
through  7 were  performed  using  a free-vortex  stator  exit  velocity  distri- 
bution, and  a specified  vortex  distribution  (Figure  23)  was  used  in  Run  8. 

The  streamline  analysis  program  was  modified  to  permit  cooling  air  iniection. 
Run  9 was  attempted  to  evaluate  that  effect  on  the  flow  field;  however,  the 
run  did  not  converge.  The  computer  output  for  all  cases  is  included  in 
Appendix  C. 

The  various  cases  were  evaluated  by  comparing  the  velocity  triangles  at 
12.5,  50  and  87.5  percent  span.  Figure  24(a)  shows  the  velocltv  triangles 
for  Runs  1,  5 and  6,  and  Figure  24(b)  for  Runs  7,  7A,  and  8.  Runs  2 and  4 
were  not  constructed  since  they  were  primarily  intermediate  steps  to 
achieve  Run  5 with  radial  stator  and  rotor  pressure  loss  distributions. 
Comparisons  of  Run  1 and  5 do  not  show  much  difference  in  the  velocity 
triangles.  Only  slight  differences  in  velocity  and  angles  were  noted. 

Utien  the  case  was  run  with  an  inlet  temperature  distribution  (Run  6),  it 
was  noted  that  the  mean  and  tip  axial  velocities  at  the  stator  exit  in- 
creased from  71  to  76  degrees.  However,  at  the  rotor  exit  the  hub  axial 
velocities  were  higher  in  Run  6 than  Run  5,  while  the  mean  and  tip  were 
lower.  In  terms  of  rotor  relative  velocity  ratio  the  hub  and  tip  increased 
in  the  presence  of  TDF,  while  the  mean  decreased  as  shown  in  Table  5. 

Run  7 velocity  triangles  were  similar  to  Run  5 even  though  the  flow  path 
was  modified  from  the  flared  tip  to  a constant  radius  tip  rotor.  However, 
the  radial  mass  flow  shift,  did  result  in  an  increase  in  relative  velocity 
ratio  at  the  mean  and  tip  sections  (Table  5).  Run  7A  was  performed  to 
arrive  at  a more  uniform  axial  velocity  profile  leaving  the  rotor. 

A uniform  total  pressure  was  specified  as  the  program  input  in  place  of  the 
radial  work  distribution.  The  results  show  that  the  hub  axial  velocity  in- 
creased to  provide  a very  uniform  profile  at  the  rotor  exit  (''figure  25)  and 
that  the  rotor  still  exhibited  good  acceleration  In  terms  of  relative 
velocity  ratio  (Table  5). 

The  specified  stator  exit  vortex  distribution  (Run  8)  resulted  in  velocity 
triangles  which  showed  large  mass  flow  shifts  in  both  the  stator  and  rotor. 
Although  the  rotor  hub  acceleration  was  the  highest  of  any  case  run,  the 
extreme  flow  shift  to  the  hub  caused  very  large  stator  exit  angles  so  this 
case  was  not  considered  for  further  analysis. 

All  of  the  cases  were  compared  on  the  basis  of  stage  reaction  defined  in 
terms  of  static  pressures.  It  is  widely  accepted  that  a ma^or  source  of 
inefficiency  in  flow  channels  Is  the  result  of  adverse  static  pressure 
gradients  within  the  flow  field  (Reference  39,  Ch . 24,  pp.  615-630).  The 
stage  static  pressure  reaction  was  calculated  for  all  cases  at  the  hub 
streamline  since  It  is  minimum  at  that  location  (Table  6). 

It  was  noted  that  the  highest  static  pressure  reaction  was  achieved  bv  the 
specified  vortex  run;  however,  since  the  stator  exit  angle  at  the  tip  was 
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Figure  23.  Stator  Exit  Tangential  Velocity  Distributions  for  Streamline 
Analysis . 


higher  than  desirable  from  the  manufacturability  aspect,  that  case  was  not 
considered  further.  Further  comparisons  of  the  cases  led  to  the  follov’ing 
generalizations: 


Change  to  Flow  Field 

Static  Pressure  Reaction 

A.  Radial  Loss  Distribution 

Decreases 

B.  Radial  Loss  and  Work 

Distribution 

Decreases 

C.  A & B aboye  with  TDF  at  inlet 

Decreases 

D.  A & B with  constant  tip  rotor 

Increases 

E.  D with  constant  exit  total 

pressure 

Increases 

F.  A & B with  specified  Vortex 

Increases 

A constant  tip  radius  blade  was  desired  for  the  design  since  it  has  the 
advantage  of  constant  tip  clearance  regardless  of  axial  shatt  movement. 

The  streamline  analysis  showed  that  it  also  has  the  highest  potential  to 
achieve  the  best  efficiency  of  the  cases  investigated. 

Run  7 represented  the  configuration  with  a realistic  turbine  environment; 
however,  the  axial  velocity  gradient  was  more  severe  than  desired.  There- 
fore, Run  7A  was  performed  with  constant  rotor  exit  total  pressure.  The 
results  showed  that  a uniform  axial  velocity  was  achieved  and  that  the 
static  pressure  reaction  also  Improved  slightly.  Therefore,  Run  7A  was 
chosen  for  further  detail  design  analysis. 
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Figure  24(a).  Velocity  Triangles  for  Streamline  Analysis  Runs  1,  5,  6. 


RUNS 


Figure  24(b). 


Velocity  Triangles 


for  Streamline  Analysis  Runs 


7, 


7A,  8. 
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TABLE  5 


COMPARISON  OF  ROTOR  RELATIVE  VELOCITY  RATIO 


RUN 

HUB 

TIP 

1 

1.07 

1.75 

5 

1.07 

1.74 

6 

1.14 

1.39 

1.77 

7 

1.08 

1.58 

2.02 

7A 

1.06 

1.52 

1.99 

8 

1.11 

1.48 

1.93 

TABLE  6 

SUMMARY  OF  STATIC  PRESSURE  REACTION 


CASE  (RUN) 

STATIC  PRESSURE  REACTION 

1 

0.0967 

2 

0.0936 

3 

NO  SOLUTION 

4 

0.0845 

5 

0.0913 

6 

0.717 

7 

0.0932 

7A 

0.0992 

8 

0.1255 

9 

NO  SOLUTION 
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A visual  comparison  of  the  variance  of 
streamlines  is  shown  in  Figure  32  for 
the  constant  meanline  flow  path  and  the 
constant  tip  radius  blade.  These  are 
eleven  streamlines  from  hub  to  tip, 
with  a division  of  10  percent  of  the 
mass  flow  between  each  line.  The 
distribution  of  streamlines  for  both 
flow  paths  Indicates  relatively 
\iniform  flow  throughout  the  entire  flow  path. 


I>E  nCi  NT  SPAN 

Rotor  Exit  Axial 
Velocity  Radial 
Distributions . 


The  radial  work  gradient  required  to 
satisfy  the  flow  solution  and  the 
constant  radial  total  pressure  con- 
straint is  shown  in  Figure  26.  The 
velocity  triangles  for  the  hub  (12.5 
percent  span),  mean  (50)  and  tip 
(87.5)  (Figure  25),  were  used  for  the 
design  of  the  nozzle  and  rotor  blade 
sections.  Various  parameters  of 
interest,  such  as  absolute  Mach  number, 
rotor  relative  Mach  number,  absolute 
gas  flow  angle,  rotor  relative  gas 
flow  angle  and  reaction  are  shown  as 
a function  of  percentage  span  to  aid 
in  the  analysis  (Figures  27  through  31). 


Of  the  cases  i > 1.  licice  of  Run  7A  for  the  liesign  velocity 

triangles  represents  the  optimum  flow  path  and  yeloclty  triangles  for  the 
following  reasons: 


1.  The  radial  work  distribution  was  tailored  to  provide  nearly 
constant  axial  yeloclty  and  exit  total  pressure. 

2.  The  stage  static  pressure  reaction  over  the  entire  span  was 
favorable  in  the  presence  of  the  radial  pressure  loss  dis- 
tributions for  both  the  stator  and  rotor. 

3.  A constant  radius  blade  affords  the  best  control  of  minimum 
running  tip  clearance. 


The  nozzle  vanes  were  designed  to  the  mean  section  velocity  triangle  se- 
lected from  the  flow  path  streamline  analysis.  The  design  procedure  con- 
sisted of  a preliminary  estimate  of  the  number  of  vanes  uslne  Fweifel's 
criteria  of  loading  (Reference  40). 

Ihe  loading  criteria  considers  a rectangular  pressure  loading  with 

zero  diffusion.  This  produces  the  maximum  tangential  blade  force  (and 
ideally,  the  optimum  number  of  blades). 
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t'igure  30.  Radial  Distribution  of  Figure  31.  Radial  Distribution  of 

Rotor  Relative  Flow  Static  Pressure  Reaction. 

Angle . 


In  terms  of  the  axial  chord  to  spacing  (solidity),  the  equation  is  defined 
as : 

Cx  = 2 cos^  ft  5 (Tan  ft\  - Tan  /?5) 

S i/'t 

The  optimum  number  of  blades  can  be  calculated  from  the  vector  diagram 
parameters  and  an  assumed  /weifel  coefficient.  Fxperlence  with  vane  air- 
foil shapes  has  indicated  that  a coefficiency  of  0.5  to  0.7  provides  a 
reasonable  aerodynamic  loading  for  minimizing  losses  for  a first-stage 
nozzle.  Application  of  this  criterion  to  the  design  resulted  In  a comple- 
ment of  20  vanes  using  a Zweifel  coefficient  of  0.65  (see  Table  7). 

10k  With  the  axial  chord,  spacing  and  vector  diagrams  known,  the  vane  shape  was 

determined  to  meet  the  following  section  requirements. 

1.  Constant  exit  angle  of  69.5  degrees. 

2.  Inlet  angle  of  0 degrees. 

3.  Throat  dimension  sized  to  pass  design  flow  at 

design  conditions  using  continuity  of  mass  flow. 

4.  Convergent  flow  channel  from  the  inlet  to  the 

throat . 

5.  Leading-edge  radius  constant  at  0.070  inch  and 

traillng-edge  radius  constant  at  0.015  Inch. 

6.  An  airfoil  velocity  distribution  to  assure 

separation  free  flow. 
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Figure  32.  Comparison  of  Streamline  Analyses. 
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TABLE  7 


SITIMARY  OK  VANE 

AERODYNAMIC  AND  GEOMETRIC 

DESIGN  DATA 

Percent  Span  at 

Exit 

I’arameLer 

0 

50 

100 

Inlet.  Angle 

0.0 

0.0 

0.0 

ExlL  Angle 

b9.  7 , 

69.  7 

69.7 

Section  Radius 

2.f>P6 

2.905 

1.144 

Axial  Chord 

0.810 

0.810 

0.810 

7.wlelel  Coefficient 

0.  S93 

0.65 

0.701 

Spacing 

0.8175 

0.9126 

0.9877 

Throat 

0.255 

0.281 

0.  101 

Trailing  Edge  Radius 

0.015 

0.015 

0.015 

Leading  Edge  Radius 

0.070 

0.070 

0.070 

Aspect  Ratio 

— 

0.576 

— 

Spacing/Chord 

1.009 

1.099 

1 . 190 

i'rofile  Loss* 

— 

0.0176 

— 

Secondary  Loss* 

— 

0. 1912 

— 

Trailing  Edge  Loss* 

— 

0.0191 

— 

Total  Loss,  Y.jij.j.* 

— 

0.1979 

— 

Reynolds  Number  (refer  to  C and 

V exit) 

— 

8.014  X 10^ 

— 

Critical  Vel  Ratio  (Inlet) 

0.15 

0.15 

0.15 

Critical  Vel  Ratio  (Exit) 

1.28 

1.181 

1.106 

Number  of  Vanes 

— 

20 

— 

* Derivation  of  these  losses  Is  discussed  under  the  Phase 
Design  Technique  Assessment,  which  Is  based  on  Appendix 
computer  output  for  preliminary  turbine  design. 

IV  Section, 
B data. 

The  vane  shape  was  constructed  by  contouring  the  suction  and  pressure  sur- 
faces to  satisfy  the  above  requirements,  and  the  resulting  flow  channel  was 
analyzed  using  a blade-to-blade  flow  analysis  as  reported  in  Reference  42. 
The  flow  analysis  produced  surface  velocity  distributions  which  enabled  a 
calculation  (Reference  43)  of  the  boundary  layer  parameters.  Satisfactory 
surface  velocity  distributions  were  judged  by  the  amount  of  suction  surface 
diffusion  dowTistream  of  the  throat  and  by  boundary  laver  analvsis  to  assure 
separation  free  flow  along  the  entire  vane  surface. 

The  design  contour  which  met  the  requirements  is  showTi  in  Figure  33.  The 
surface  velocity  distribution  for  the  mean  section  is  shown  in  Figure  34. 
Note  that  a small  amount  of  diffusion  occurs  downstream  of  the  throat  on 
the  suction  surface.  In  terms  of  suction  side  diffusion  factor,  which 
serves  as  a cross  check  for  the  more  elaborate  boundary  layer  analysis, 

Ds  = 1 - V5 

Vmax, 

this  equals  a factor  of  0.077. 

In  the  past,  NASA  has  generally  recommended  that  a high-eff iclencv  turbine 
be  designed  for  suction  surface  D factors  less  than  or  equal  to  0.10. 

Using  NASA's  guidelines,  the  suction  surface  diffusion  for  this  design  is 
considered . 

The  boundary  layer  analysis  for  the  velocity  distribution  is  shown  in 
Figure  34  and  produced  the  variation  of  momentum  and  displacement  thickness 
shown  in  Figure  35.  Also  shown  in  Figure  35  is  the  form  factor  which  is  an 
indication  of  separation. 

The  distribution  of  form  factor  along  the  suction  surface  shows  a late 
transition  from  laminar  to  turbulent  flow  as  indicated  by  the  rapid  de- 
crease from  2.6  to  1.4.  Separation  is  generally  considered  incipient  when 
the  form  factor  reaches  2.8  (Reference  39,  pp.  576-582). 

Table  7 lists  the  important  geometric  and  aerodynamic  data  of  the  vane. 

The  tip  loading  is  also  shown  in  Figure  34.  The  diffusion  of  suction  side 
is  also  less  than  0.10  and  did  not  require  a boundary  layer  analysis.  The 
hub  section  is  loaded  the  least  with  a 7.weifel  coefficient  of  0.595,  as 
compared  to  mean  and  tip  values  of  0.65  and  0.703,  respectively  (Table  7). 
Diffusion  was,  therefore,  assumed  to  be  negligible  and  a boundary  analysis 
was  not  conducted. 

Meridional  Constriction 

Meridional  constriction  analysis  was  applied  to  the  nozzle  endwall  design 
to  minimize  the  secondary  flow  losses  in  the  nozzle.  The  technique  has 
been  experimentally  developed  by  Delch^l,  however,  no  known  analytical 
verification  exists.  The  reported  data  (Figure  36)  Includes  working  curves 
(Figure  37)  for  designing  the  endwall  contour  to  achieve  mlnlmlm  loss. 
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F.ffect  of  Mach  No.  on 
Loss  for  Various  Con- 
tours (Reference  41). 
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It  is  theorized  that  the  reduction  of  losses  occurs  as  a result  of; 

1.  Fluid  turning  is  accomplished  at  lower  velocities. 

This  results  in  lower  blade-to-blade  static  pressure 
gradients  and  hence  lower  intensity  secondary  flows. 

2.  Radial  static  pressure  gradients  are  relieved  at  the 
nozzle  exit.  This  decreases  the  flow  of  low  energy 
fluids  on  the  suction  surface  near  the  exit  plane. 

3.  More  intensive  fluid  acceleration  toward  the  end  of  the 
channel  and  thinning  of  the  boundary  layer.  Since 
boundary  layer  thickness  has  been  shown  (Reference  39) 
to  affect  endwall  losses,  a thinner  boundary  layer  would 
tend  to  reduce  those  losses. 

The  reported  data  (Figure  36)  shows  that  as  the  exit  Mach  number  Increases 
for  each  contour  configuration,  the  loss  coefficient  decreases  to  a minimum 
and  then  Increases. 

Of  the  contours  reported,  the  straight  wall  (1)  created  the  highest  loss 
and  the  moderately  sloping  contour  (5)  achieved  the  lowest  loss. 

Part  of  the  Phase  II  experimental  turbine  cascade  investigation  Is  Involved 
with  testing  four  contour  configurations  to  determine  the  minimum  loss 
contour.  Therefore,  for  the  Phase  I effort,  the  nozzle  was  designed  to  the 
optimim  contour  (based  on  Figure  37),  and  variations  from  that  configuration 
were  determined  in  Phase  II. 
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On  the  basis  of  flow  path  and  solidity  requirements  previously  discussed, 
the  nozzle  was  sized  for  an  exit  height  of  0.478  inch  and  an  axial  chord 
of  0.830  inch  (Figure  38).  Using  the  technique  of  Reference  41,  the 
Optimum  contour  is  determined  as  follows: 

Since,  ^1  = 0.4,  b = 1.30  (Figure  38) 

- fi/b  = 0.367 

at  for  max  loss  difference  .i  f o = 0.38  (Figure  37) 

Therefore,  to  = ^ j (1  + A f o ) = 0 . 66  in 

From  Reference  41  R — Po  , r ~ R, 

= ( f » - f o ')  / ( Po  - f ) :^  0.3  - 0.4 

Perform  trial  and  error  construction  until  the  conditions  for  ^ are  met 
and  a smooth  outer  wall  contour  is  obtained.  The  following  results  were 
obtained : 

R = 0.78  in 
r = 0.50  in 
fo  = 0.60  in 

t = 0.33  (meets  requirement  listed  above) 

The  completed  construction  is  shown  in  Figure  38.  The  estimated  maximum 
loss  difference  (Improvement)  (from  Figure  37)  is  approximate! v 1.5  percent. 

Rotor  Blade 

The  rotor  blade  airfoil  design  procedure  followed  a similar  method  as  the 
nozzle  vane.  The  relative  velocity  triangles  in  Figure  25  were  used  to 
generate  the  hub  and  tip  sections.  Intermediate  sections  were  straight- 
line  interpolated  from  the  defined  hub  and  tip  sections.  The  7.weifel 
criteria  was  again  used  to  determine  an  initial  estimate  for  blade  spacing, 
and  the  loading  was  checked  using  flow  analysis  and  boundary  layer  analysis. 

The  Zweifel  coefficient  is  defined  for  rotor  blades  in  terms  of  the  relative 
velocity  triangles.  The  axial  chord  to  spacing  ratio  (solidity)  is: 

CX  s 2 Cos^  n 9 (Tan  n 5 - tan  n 9) 

S <i>t 

The  Zweifel  loading  coefficient  "At,  for  highly  loaded  rotor  blading,  has 
been  pushed  to  values  exceeding  unity.  A Zweifel  coefficient  of  1.10  was 
used  for  a preliminary  estimate  of  the  meanline  loading  for  the  ASATT 
rotor.  This  value  resulted  in  an  axial  solltlty  of  1.348,  and  for  an  axial 
chord  of  0.60  in.  (from  the  flow  path  study)  the  number  of  blades  was 
determined  as  41  blades,  A check  on  the  blade  attachment  practicality  was 
required  to  Insure  that  41  blades  would  fit  within  the  hub  periphery. 
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Figure  38.  Definition  of  Geometry  for  a Nozzle  with  Meridional 
Constriction . 


This  was  performed  using  a scaled  hub  section  of  an  existing  high  work 
turbine  and  it  confirmed  a 41  blade  configuration. 

The  rotor  airfoil  contours  were  constructed  by  contouring  the  suction  and 
pressure  surfaces  to  satisfy  the  requirements  listed  below: 

1.  Three  blade  sections  consisting  of  two  hub  sections  at  12-1/2 
percent  span  and  one  tip  section  at  87-1/2  percent  span  to 
yield  the  relative  velocity  triangle  at  those  locations. 

2.  Throat  dimensions  sized  to  pass  design  flow  for  each  section. 

3.  Linear  faired  sections  between  the  defined  hub  and  tip  sections. 

4.  Hub  leading  edge  radius  of  0.035  in.,  tip  leading  edge 
radius  of  0.025  in.,  and  trailing  radius  of  0.015  in., 
constant  spanwise. 

5.  Incidence  on  leading  edge  to  be  determined  to  satisfy 
aerodynamic  loading  requirements. 

Two  hub  sections  (12.5  percent  span)  were  designed  to  exhibit  different 
loadings  but  both  satisfying  the  velocity  diagrams  In  Figure  25.  A linear 
fair  was  selected  to  satisfy  realistic  constraints  of  manufacturability  of 
a very  small  airfoil  with  intricate  cooling  passages.  A recognized  aero- 
dynamic penalty,  to  be  evaluated  experimentally  In  the  Phase  IIl/IV  efforts, 
was  therefore  incurred. 
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The  two  rotor  blade  loadings  were  achieved  hy  contouring  the  suction  and 
pressure  surfaces  to  various  inlet  blade  angles.  The  incidence  variations 
were  analyzed  using  the  blade-to-blade  flow  solution  and  compared  on  the 
basis  of  diffusion  factor. 

W/WCR  EXIT 

Suction  Surface  Ds  = 1 - W/W^r  MAX. 

W/Wpp  MIt'. 

Pressure  Surface  Dp  = 1 - w/Wcr  INLCT 
Total  D Factor  = Ds  + Dp 

The  resulting  D factors  for  rotors  one  and  two  hub  sections  were: 

Rotor  1 Rotor  2 

(Suction  Loaded)  (Pressure  Loaded) 


Ds 

0.36 

0.23 

Dp 

0.49 

0.52 

Dq 

0.85 

0.75 

Although  the  suction  surface  loaded  huh  section  had  a D factor  higher  than 
the  pressure  loaded  hub,  both  rotors  were  configured  to  avoid  separation 
over  the  entire  blade  surface  on  the  basis  of  boundary  layer  analyses.  A 
common  tip  section  was  designed  to  the  87.5  percent  blade  span  velocity 
triangle  with  a 4-degree  positive  Incidence  for  minimum  loss.  The  flow 
analysis  showed  that  all  diffusion  occurred  on  the  pressure  surface  and 
that  separation  should  not  occur. 

Tlie  losses  predicted  for  the  rotor  are  shown  in  Table  8.  The  losses  are 
divided  into  profile,  secondary  (endwall),  clearance,  and  trailing  edge, 
and  are  dependent  on  inlet  and  exit  velocity  triangles  and  geometric 
characteristics.  The  effect  of  loading  does  not  show  up  in  the  present 
loss  system  since  both  loadings  produce  the  same  exit  velocity  triangle. 

The  two  hub  sections  defined  at  the  12.5  percent  span  location  are  shown 
in  Figures  39  and  40.  The  surface  velocity  distributions,  calculated  using 
the  two-dimensional  compressible  flow  technique  of  Reference  42,  are  shown 
in  Figure  41.  The  suction  boundary  layer  shape  factor  was  calculated  using 
the  method  of  Reference  43  to  investigate  possible  separation  regions  on  the 
airfoil.  This  plot  is  shown  as  t’l^ure  42  for  both  hub  sections  and  it  can 
be  noted  that  the  shape  factor  indicates  an  early  transition  to  a turbulent 
boundary  layer  and  that  the  flow  is  attached  along  the  entire  surface  since 
the  shape  factor  never  exceeds  2.8,  Analysis  of  the  pressure  surfaces  for 
both  sections  also  confirmed  that  the  flow  would  remain  attached  as  shown 
in  Figure  43. 

The  tip  section  was  constructed  in  a similar  manner  as  described  above  for 
the  hub  and  is  sliown  in  Figure  44.  Flow  analysis  produced  the  velocity 
distributions  shown  in  Figure  45  and  the  boundary  layer  parameter  shown  in 
Figure  46. 
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Rotor  Hub  Section  - 
Pressure- Side-Loaded 
12.5  Percent  Span. 


Figure  AO.  Roto 
Suet 
12.5 
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Figure  42.  R 


Rotor  Hub  Section  - 
Velocity  Distributions 


TABLK  8 


SUMMARY  OF  ROTOR  BLADE  AERODYNAMIC  AND  GEOMETRIC  DESIGN  DATA 


J’ar.4ir.elt*r 

L 

Pressurt' 
t,».uled  Hub 

Su>  t ion 
Loaded  Hub 

■ ii! 

Percent  S;\4n 

12.5 

12.5 

H7.5 

Inlet  An>:le 

17.') 

'.7.9 

.5.2 

Kxit  An>;le 

53.1 

51.1 

62. 

Incident  c 

+ 20 

+ 10 

+ 9 

Set  tii'H  Radius 

2.5H 

2.5H 

3.09 

Axi.il  Chord 

O.bO 

O.hl) 

0.60 

Zwel tel  Coe: t ic lent 

1 . 3m 

1 . 39 

1.09 

Sp.it.  ing 

0 . mOm 

0.909 

0.977 

Throat 

0.22i 

0.229 

0.203 

Trailing’  tdge  R.idius 

0-015 

0.015 

0.015 

heading  hd^e  Radius 

0.015 

0.035 

0.025 

Aspect  k.itio 

1.07 

1.07 

1 .07 

Spac ing/ Axial  Chord 

0-H73 

0.673 

0.  795 

I’rotile  Loss  (Meanline 

Avg.  Loss)* 

0.077 

0.077 

0.077 

SeCijndary  I.‘*ss  (Me.inllne 

Avg . Ltiss)* 

0.279 

0.279 

0.279 

Clear.ince  I.«»ss  (Meanline 
(cl  - 0.010) 

Avg.  Loss)* 

0.0509 

0.0509 

0.0509 

1 rail ing  Kdge  Loss  (Meanline  Avg.  Loss)* 

O.OhiH 

0.0699 

0.0699 

lot.il  Loss, 

0.971  1 

0.971 5 

0.9713 

Reynolds  Number 

l.HH  X 10^ 

I . 9H  X 10^ 

1 .98  X 10- 

Kel.  Critical  Vel.  Ratio 

( Inlet ) 

0.  74.; 

0.  799 

0.50 

Rel.  Critical  Vel.  Ratio 

(Kxlt ) 

0.7Sb 

0.  796 

1.05 

Number  ot  Blades 

41 
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The  lip  section  boundary  layer  analysts  also  exhibited  separation  free  flow 
as  indicated  by  the  shape  factor  on  both  the  suction  and  pressure  surfaces. 
The  designed  airfoils  were  considered  to  be  satisfactory  since  they  net  the 
prelimlnarv  criteria  of  the  selected  Zwiefel  loading  coefficients  and  were 
confirmed  by  the  blade-to-b lade  analysis. 

Since  tiie  most  critical  rotor  sections,  hub  and  tip,  were  already  incor- 
porated in  the  blacie  analysis,  further  analysis  of  the  resultant  mean  in- 
terpolation was  considered  unnecessary. 

The  two  rotor  blades  were  formed  bv  stacking  the  different  hub  sections 
with  the  same  tip  sections  at  the  center  of  gravity  of  the  solid  section. 

The  sections  were  faired,  and  Interpolated  sections  were  generated  at  0, 

25,  50,  75  and  100  percent  span  relative  to  the  stacking  line.  An  overlay 
of  the  stacked  sections  is  shown  for  the  pressure-side-loaded  blade  in 
Figure  47  and  for  the  suction-loaded  blade  in  Figure  48. 

■Mechanical  Design 

Structural  Integrity  of  the  turbine  was  based  on  satisfying  750  hours  life 
and  15,000  cycles  low  cycle  fatigue  at  the  100-percent  power  rating. 

The  mechanical  design  of  the  turbine  disk  and  blade  assembly  (Figure  49) 
is  based  upon  a turbine  inlet  temperature  of  2400°F  (with  the  disk  cooled 
to  1200°F  at  the  live  rim  and  800°F  at  the  bore)  and  a speed  of  60,000  rpm 
(100  percent  power).  The  blades  are  designed  with  cooling  passages  to 
maintain  a metal  temperature  of  1200°F  at  the  airfoil  root  and  a maximum 
temperature  of  1730°F  at  80  percent  of  the  blade  height.  The  heat  transfer 
analysis  and  cooling  technique  is  presented  In  the  next  section. 

The  analysis  performed  considers  the  centrifugal  stresses  In  the  blades, 
the  gas  bending  and  the  centrifugal  untwist  stresses. 

A preliminary  estimate  of  the  metal  temperature  profiles  over  the  blade 
and  disk  was  based  upon  that  cooling  necessary  to  provide  minimum  yield 
stress  safety  factors  of  1.1  for  the  blade  and  1.4  for  the  disk  and  750 
hours  of  life,  considering  only  centrifugal  stresses. 

The  gas  generator  turbine  disk  is  assumed  to  be  fabricated  from  a Rene'  95 
powder  metal  alloy  by  the  hot  isostatlc  pressing  process.  The  tensile, 
yield  and  elongation  are  shown  in  Figure  50  compared  to  a conventional 
turbine  disk  alloy,  forged  Waspalloy.  Stress  rupture  data  is  shown  in 
Figure  51  for  both  Rene'95  and  the  candidate  blade  material  cast  TNIOO. 

Data  from  an  alternate  disk  material  (AF2-1DA)  is  also  shown  for  comparison. 

The  radial  and  tangential  stress  distribution  in  the  disk  is  shown  in  Figure 
52  as  a function  of  radius.  A maximum  tangential  stress  of  176,000  psl 
occurred  at  the  bore  of  the  disk.  A maximum  radial  stress  of  62,000  psi 
occurred  near  the  disk  rim.  F.ven  though  tlie  peak  tangential  stress  exceeded 
the  material  yield  slightly.  It  is  still  well  below  the  ultimate.  In 
addition,  the  750-hour  rupture  stress  estimated  from  the  data  In  Figure  51 
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Figure  48.  Rotor  Sections  Stacked  on  C.G.  - Suctlon-Slde-Loaded . 
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Teledyne  CAE,  IR&D  Bro- 
chure 76-07.) 


Figure  51.  Stress  Rupture  Strength 

for  the  Candidate  Turbine 
Rotor  Materials. 


Figure  52. 


RADIUS,  In, 

Turbine  Disk  Stress  and 
Temperature  as  a Func- 
tion of  Radius. 


Figure  56  shows  the  centrifugal  P/A 
foil  metal  temperature  profile,  and 
hours  of  life  for  the  turbine  blade 
cycle  of  2A180/2400. 


shovs  that  adequate  margin  exists  over 
the  entire  disk  radius. 

The  turbine  blades  Incorporate  conven- 
tioruil  cooling  and  are  fabricated  from 
cast  INIGO  material.  Figure  53  shows 
the  average  material  properties  for 
TNIOO  at  various  temperatures.  Cool- 
ing air  is  introduced  into  the  blades 
through  internally  cast  passages  In 
the  airfoil  and  fir  tree  root  attach- 
ment. During  the  preliminary  engine 
cycle  studies  two  design  cases  were 
analyzed;  Case  1,  2500°F  turbine 
inlet  temperature  at  61,500  rpm;  and 
Case  2,  2200°F  T.T.T.  at  58,230  rpm. 
These  cases  represented  the  upper 
and  lower  stress  limits.  Figures  54 
and  55  show  the  centrifugal  P/A 
stresses  and  the  maximum  permissible 
airfoil  metal  temperature  profile, 
together  with  the  allowable  stress 
rupture  stresses  for  750  hours  of 
life  for  both  cases, 
stresses,  the  maximum  permissible  alr- 
the  stress  rupture  stresses  for  750 
of  the  selected  turbine  configuration/ 


The  analysis  Indicates  that  the  turbine  blade  will  meet  the  requirements 
with  an  adequate  margin  over  most  of  the  span  and  with  small  margin  in  the 
70-percent  span  region. 

The  blade  root  attachment  consists  of  a three-lobe  fir  tree  direct Iv  scaled 
from  an  existing  blade.  A calculated  scale  factor  of  0.87  is  used  to  ac- 
commodate 41  blades  of  a 2,49-inch  disk  radius.  A three-lobe  fir  tree  was 
selected  since  this  design  provides  maximum  disk  tenon  cross-sectional 
area  and  minimizes  the  centrifugal  stress  in  the  tenon  lower  neck.  Three 
passages  in  the  blade  fir  tree  allow  cooling  air  to  be  Introduced  into  the 
blades  (Figure  57).  The  fir  tree  portion  of  the  blade  case,  from  TNIOO 
material,  is  designed  for  an  assumed  metal  temperature  of  1200°F  at  60,000 
rpm  using  Heywood's  method  of  fir  tree  analysis.  Based  on  the  allowable 
stress  rupture  properties  of  INIOO,  a life  of  750  hours  Is  obtainable. 

The  maximum  nominal  combined  stress  In  the  fir  tree  is  equal  to  80,500  psl 

and  occurs  In  the  upper  neck  (A-A  of  Figure  57  of  the  fir  tree  (Table  9)). 

The  maximum  nominal  combined  stress  that  the  disk  tenon  (D-D  of  Figure  57) 

is  equal  to,  is  108,900  psl.  The  points  of  maximum  steady-state  stress  are 
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presented  on  a modified  Goodman  diagram  (Figure  58)  and  are  defined  by 
the  equation: 


Where:  "A  = applied  vibratory  stress 

'^EAL  = endurance  limit 

= applied  mean  stress 
'^RAL  = rupture  stress 

The  analysis  shows  that  the  fir-tree  attachment  and  disk  tenon  fall  well 
within  the  l.A  factor-of-safety  envelope  and  meet  the  life  requirements. 

The  calculated  fir  tree  and  disk  tension  stresses  are  based  on  the  centri- 
fugal pull  of  a solid  airfoil.  The  stresses  and  safety  factor  for  the 
fir  tree  and  disk  tenon  are  presented  in  Table  9.  Section  A-A  of  the  fir 
tree  is  tiie  most  critical  section,  but  it  still  has  18  percent  margin  over 
the  0.2  percent  yield  stress. 

The  nozzle  structure  is  designed  similar  to  an  existing  gas  generator  tur- 
bine that  operates  above  the  2400°F  limit  of  this  engine.  Thermal  stress 
and  low-cycle  fatigue  are  the  dominate  considerations  in  the  design  of  the 
nozzle  structure.  Since  the  temperature  level  of  this  engine  is  less  than 
the  similar  engine  model,  no  preliminary  structural  analysis  was  deemed 
necessary.  Application  of  the  similar  design  features  satisfied  the  con- 
cerns of  achieving  the  750  hours  of  life  and  15,000  cycles  of  low-cycle 
fatigue . 

Moat  Transfer 

A preliminary  vane  and  blade  heat  transfer  analysis  was  performed  for  the 
selected  turbine  design  at  the  lOO-percent  power  design  point. 

A preliminary  heat  transfer  analysis  was  conducted  using  the  preliminary 
vane  shape  and  the  preliminary  loading  diagram  to  define  the  distribution 
of  external  heat  transfer  coefficient  and  vane  surface  metal  temperature. 

This  distribution  is  presented  in  Figure  60. 

The  cooling  flow  distribution  is  listed  in  Table  10. 

The  total  flow  of  0.0144  Ib/sec/vane  is  equivalent  to  6.0  percent  engine 
flow. 

A 50-percent  perforation  on  the  trailing  edge  will  accommodate  0.007  Ib/sec/ 
blade.  Hence,  50  percent  of  the  cooling  flow  will  be  discharge  approxi- 
mately 0.5  inch  forward  of  the  trailing  edge  on  the  pressure-side  of  the  vane. 
Four  slots,  0.075  by  0.020,  are  required. 
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Figure  58.  Modified  Goodman  Diagram  Figure  59.  Nozzle  Cooling  Flow  In 
for  the  Fir  Tree.  jection  Locations. 


TABLE  10 

VANE  COOLING  FLOW  DISTRIBUTION 


Nozzle  Local 
Gas  Teir.p.  °R 

Location 

Orifice  Pattern 

Flow 

Lb/Sec/Blade 

2768 

Suction  Side 

4 Slots  ra  0.010  X 0.107 

0.0070 

2768 

Pressure  Side-Forward 

1 Slot  ? 0.010  X 0.116 

0.0010 

2768 

Pressure  Side-Aft 

12  Hole.s  (3  0.010  Dla. 

0.0016 

2400 

Suction  Side 

2 Slots  <3  0.010  X 0.080 

0.0020 

2400 

Pressure  Side-Forward 

9 HoleJs  (?  0.010  Dia. 

0.0012 

2400 

Pressure  Side-Af t 

6 Holes  0 0.010  Dia. 

0.0008 

2768 

Leading  Edge 

4 Holes  ® 0.010  Dla. 

0.0004 

The  pr el  ini  nary  heat  balance  shows 
that  the  maximum  pressure  side  metal 
temperature  is  1800°F  and  the  maximum 
suction  side  metal  temperature  is 
1780°F  (Figure  60).  Both  the  pres- 
sure side  metal  temperature  range 
and  the  suction  side  metal  tempera- 
ture range  are  well  within  the 
criteria  for  the  750-hour  life  re- 
quired by  comparison  to  the  similar 
higher  temperature  gas  generator 
turbine . 

Four  blade  cooling  configurations 
were  selected  as  preliminary  designs 
for  evaluation.  These  designs  are 
presented  schematically  in  Figure  61. 
The  resulting  surface  metal  tempera- 
ture distributions  at  the  mean  section 
are  listed  on  the  figure  for  the 
selected  configuration. 

The  preliminary  design  consists  of  a 
series  of  one-dimensional  heat  balance 
calculations  to  determine  the  distri- 
bution of  local  heat  transfer  coeffi- 
cient at  the  mean  section.  The  section  average  temperature  is  1640°F. 

Configuration  1 presents  a two-pass  convection  cooling  scheme  with  bleed 
through  chordwise  holes  in  both  the  leading  edge  and  the  trailing  edge. 

This  configuration  allows  simple  cooling  of  narrow  leading  edges  typical 
of  highly  curved  blades  and  results  in  high  cooling  airflow.  This  design 
was  eliminated  from  further  consideration  when  cursory  heat  balance  in- 
dicated excessive  (0.6  percent)  cooling  flow  requirements. 

Configuration  2 presents  a three-pass  convection  cooling  scheme  with  bleed 
through  chordwise  holes  in  the  trailing  edge  and  discharge  through  the  tip 
at  the  trailing  edge.  A preliminary  analysis  indicated  a 4.5-percent 
coolant  flow  requirement,  and  a feasible  design.  This  system  was  chosen 
as  the  second  candidate  for  preliminary  analysis. 

Configuration  3 presents  a two-pass  convection  cooling  system,  with  dis- 
charge through  chordwise  holes  in  the  trailing  edge,  in  parallel  with  a 
straight-through  convection  cooling  system  in  the  leading  edge  with  dis- 
charge at  the  tip.  The  preliminary  analysis  shows  a coolant  flow  require- 
ment of  3.6  percent  and  a feasible  de.slgn. 

Configuration  4 presents  the  favored  two-pass  convection  cooling  system 
with  Implngi'ment  cooling  at  the  leading  edge,  and  discharge  through  chord- 
wise  holes  in  the  trailing  edge.  The  preliminary  analysis  shows  a low 
coolant  flow  requirement  of  1.9  percent  and  a feasible  design.  This  design 
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Figure  60.  Vane  Heat  Transfer  Co- 
efficient and  Surface 
Temperature  Distri- 
bution. 
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Figure  61.  Turbine  Rotor  Blade  Cooling  Configurations  Selected  for 
Evaluation. 
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was  selected  for  detailed  analysis. 


The  distribution  of  heat  transfer  coefficient  (Figure  62)  shows  the  antici- 
pated characteristics.  The  peak  (1200  Btu/hr-f t^-“F)  coefficient  occurs 
at  the  stagnation  point  which  decreases  as  a cubic  distribution  along  the 
blade  surface.  The  level  of  heat  transfer  coefficient  on  the  suction  side 
Is  on  the  order  of  1.5  times  the  heat  transfer  coefficient  on  the  pressure 
side . 

For  the  selected  impingement-convection  cooling  system,  the  cubic  distri- 
bution of  heat  transfer  coefficient  at  the  leading  edge  Is  matched  with 
the  bell-shaped  distribution  of  heat  transfer  coefficient  developed  by 
impingement  cooling.  The  heat  transfer  coefficient  on  the  pressure  side 
is  matched  with  convection  flow,  and  the  1.5  higher  hear  transfer  on  the 
suction  side  should  not  require  internal  fins. 

The  trailing  edge  is  convection  cooled  by  election  of  the  coolant  through 
chordwise  holes  into  the  blade  wakes.  The  coolant  ! low  rates  and  the  local 
internal  heat  transfer  coefficients  are  determined  by  sonic  velocltv  through 
the  tralllng-edge  ejection  holes.  The  flow  area  and  the  internal  surface 
area  requirements  are  satisfied  with  eight  holes  at  0.010  diameter.  The 
leading-edge  impingement  cooling  system  is  satisfied  with  five  holes  of 
0.020  in.  diameter. 

Cooling  Flow  Analysis 

A cooling  injection  analysis  program  that  uses  the  output  of  an  uncooled 
design  point  program  as  input  was  used  to  determine  incremental  loss  vari- 
ations for  air  cooling  of  turbine  shrouds,  disk,  vares  and  blades.  Calcu- 
lations were  made  by  assuming  that  mixing  occurs  over  a small  distance  at 
the  point  of  injection  of  the  cooling  air.  Vertical  components  of  velocltv 
with  respect  to  streamline  are  assumed  to  contribute  no  axial  or  angular 
momentum.  In  the  case  of  a rotor,  pumping  losses  are  also  accounted  for  by 
an  assumption  of  pumping  efficiency  for  the  cooling  flow  and  a subroutine 
to  calculate  pressure  and  temperature  rise  to  the  point  of  injection.  The 
mixing  solution  is  an  iterative  procedure  involving  equations  of  continuity, 
conservation  of  energy,  and  conservation  of  angular  and  axial  momentum. 
Treatment  is  similar  to  Shapiro's  Influence  coefficient  methods  for  constant 
static  pressure  mixing.  Computer  results  for  the  selected  turbine  are  shown 
in  Figure  63.  Turbine  efficiency  change  is  given  as  a function  of  inde- 
pendent nozzle  or  rotor  trail ing-edge  flow  at  either  suction  or  pressure 
surface . 

A schematic  of  the  cooled  turbine  is  shown  in  Figure  64,  together  with  the 
percentage  breakdown  of  cooling  flows  throughout  the  vane  and  blade.  The 
division  of  vane  cooling  flows  consists  of;  (1)  film  cooling  through  gill 
and  trailing  edge  holes  as  shown  In  Figure  59,  4.0  percent;  (2)  tip  shroud 
flow,  0.5  percent;  and  (3)  hub  shroud  flow,  0.5  percent,  for  a total  of  6.0 
percent  of  engine  flow.  The  division  of  blade  cooling  flows  consists  of: 

(1)  Inner  disk  flow,  1.3  percent;  (2)  outer  disk  flow,  0.7  percent;  and 
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Figure  62.  Rotor  Blade  Surface  Heat 
Transfer  Coefficient. 
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Figure  63.  Effect  of  Cooling  Flow 
Injection  on  Efficiency. 


(3)  trailing-edge  flow,  2.0  percent,  for  a total  of  4.0.  The  total  vane 
and  blade  cooling  flow  amounted  to  10.0  percent  of  the  inlet  engine  airflow. 
The  efficiency  decrement  as  a result  of  the  cooling  (Figure  63)  was  pre- 
dicted as  approximately  2.0  percent. 


During  the  initial  engine  cycle  studies  the  engine  thermodynamic  models  did 
not  reflect  the  detail  coolant  flow  distribution  and  associated  losses  of  a 
cooled  gas  generator  turbine.  Rather,  the  cooled  turbine  was  modeled  as  an 
uncooled  turbine  with  an  estimated  bypass  flow  to  yield  equivalent  perfor- 
mance within  the  cycle.  The  final  gas  generator  cooled  turbine  design  re- 
quired an  increase  in  pressure  ratio  and  a corresponding  reduction  in  ef- 
ficiency goals.  A comparison  between  the  candidate  engine  cycle  (2A  180/2400) 
and  the  final  design  parameters  including  effect  on  engine  output  is  as 
follows: 

Final 

2A180/2400  Design  Point 


Engine  Airflow,  Ib/sec. 

4.8 

4.8 

Actual  Work,  Btu/lb 

180. 

180. 

Pressure  Ratio,  Total-to-Total 

00 

3.75 

Efficiency,  uncooled 

84.5 

80.2 

Bypass,  % 

4.n 

0 

Coolant  Flow,  % 

0 

10)i!(Flg.  64) 

Inlet  Pressure , psia 

188.6 

188.6 

Rotor  Inlet  Temp. , ”F 

2400. 

2400. 

Engine  SFC,  Ib/Hp-Hr 

0.463 

0.479 

Power  Turbine  Output,  Up. 

982.1 

949.8 
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170/22CX) 

200 '2500 

180/2400 

Wa 

Combustor  Primary  8i  Nozzle  Cooling  Flow 

0 

0 

0 

Wb 

Nozzle  Finn  Cooling  Flow 

3 

6 

5.0 

Wc 

Nozzle  Tip  Shroud  Cooling  Flow 

0 

0.5 

0.5 

W[) 

Nozzle  Hub  Shroud  Cooling  Flow 

0 

0 5 

0.5  _ 

Wp 

Inner  Disc  Cooling  Flow 

J 

1.3 

1.3 

Wp 

Outer  Disc  Cooling  Flow 

0 5 

0.7 

0.7 

Wg 

Rotor  Blade  Flow 

0 

0 

0 

Wh 

Rotor  Blade  Trailing  Edge  Flow 

1.5 

3 

2 0 _ 

Total  Cooling  Flow  (percent  of  Wa) 

6 

12 

10.0 

Figure  64.  Turbine  Cooling  Airflow  Distribution. 
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SUMMARY  OF  PRELIMINARY  ENGINE  ANALYSIS 


The  preliminary  engine  and  turbine  design  analysis  resulted  in  a gas  gene- 
rator turbine  flow  path  shown  in  Figure  65.  The  flow  path  and  blading 
analysis  perfoimed  in  Phase  I was  deemed  acceptable  to  meet  the  ASATT  Pro- 
gram objectives  and  carried  on  the  Phase  II  to  investigate  the  aerodynamic 
performance  in  an  annular  cascade. 

The  candidate  turboshaft  engine  cross-section  revised  to  reflect  the  re- 
sults of  the  preliminary  turbine  design  analysis  is  shwon  in  Figure  66. 


0 83 


Figure  65.  Preliminary  ASATT  Turbine  Flow  Path. 


Figure  66.  Selected  ASATT  Turboshaft  Engine  Configuration 


PHASE  II  - TUKBINE  CASCADE  INVESTIGATION 


The  Phase  II  effort  was  directed  toward  determlnlnj-  the  aerodvriamlc  per- 
formance of  the  turbine  designed  in  Phase  I,  using  a cc Id  flow,  stationary, 
annular  cascade.  The  Phase  II  effort  was  divided  into  i .le  following  tasks: 

1.  Cascade  rig  and  instrumentation  control  layout 

2.  Rig  detail  design 

3.  Manufacture  test  rig  hardware 

4.  Test  plan 

5.  Rig  assembly,  Instrumentation  and  checkout 

6.  Cascade  rig  testing 

7.  Data  correlation 

OBJECTIVE 


The  objective  of  Phase  II,  Turbine  Cascade  Investigation,  was  to  investigate 
the  aerodynamic  performance  of  the  turbine  design  in  a stationary,  annular 
sector,  cascade  with  various  geometric  and  aerodynamic  perturbations.  The 
perturbations  included  nozzle  endwall  contour,  inlet  turbulence  and  veloci- 
ty distortion,  stator  and  rotor  solidity,  rotor  loading  and  nozzle  cooling 
flow  and  point  of  injection. 

CASCADE  RIG  AND  INSTRUMENTATION  DESIGN 


An  annular  sector  cascade  rig  was  designed  for  cold  flow  operation  to  test 
and  evaluate  the  performance  of  the  Phase  I turbine  vane  and  blade  shapes. 

A sequential  test  program  was  devised  to  evaluate  the  various  effects  of: 

A.  Meridional  constrictions  on  vanes. 

B.  High  vane  exit  Mach  number. 

C.  Vane  inlet  turbulence. 

D.  Vane  Inlet  boundary  layer  and  distortion. 

E.  Vane  exit  flow  distortion  and  leakage  on  rotor  performance. 

F.  Rotor  blade  loading. 

G.  Vane  cooling  and  solidity. 

H.  Vane  cooling  on  two  rotor  solidities  and  axial  spacing. 

The  rig  was  instrumented  to  provide:  (1)  airflow,  (2)  inlet  total  pressure 

and  temperature  distribution,  (3)  wall  static  pressures  throughout  the  flow 
channel,  (4)  circumferential  and  radial  traverse  of  pressure,  (5)  tempera- 
ture and  angle  at  two  axial  planes  (vane  exit  and  turning  vane  exit), 

(6)  hot  film  radial  traverse  at  the  vane  inlet,  and  (7)  torque  produced  by 
the  tangential  momentum  change  in  the  turning  vane  sector  (Momentum 
Transfer  System). 

The  ASATT  Cascade  Rig  was  designed  to  test  the  Phase  I turbine  vane  and 
blade  shapes  in  an  annular  cascade  section  and  to  determine  the  performance 
under  various  operating  conditions.  The  rig  1s  configured  to  permit 
systematic  variations  of  inlet  flow  conditions,  cooling  flow  injection. 
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solidity,  and  inner  and  outer  wall  shape. 


The  cascade  rig  consisted  of  four  main  assemblies:  the  inlet  plenum,  the 

nozzle  plate,  the  momentum  transfer  slave,  and  the  exhaust  plenum.  A 
cross-section  of  the  rig  is  shown  In  Figure  67.  Several  mechanical  changes 
made  to  the  rig  during  the  initial  testing  to  achieve  satisfactory  momentum 
transfer  data  included: 

1.  Replacing  the  air  bearing  with  ball  bearings  and  removing  the 
cable  system. 

2.  Add^ng  a honeycomb  straightener  section  to  the  axial  portion 
of  the  slave. 

3.  Replacing  the  flexible  diaphragm  seal  with  a pressurized 
labyrinth  seal. 

4.  Adding  splitter  vanes  to  the  slave. 

5.  Adding  hard  line  exhaust  plumbing  to  permit  vacuum  exhaust 
operation. 

The  principal  objectives  in  developing  the  rig's  mechanical  design  concept 
were  to: 

Minimize  the  possibility  of  air  leakage  into  the  cavity  on 

the  inlet  side  of  the  momentum  transfer  rotor 

Achieve  a high  degree  of  accuracy  in  the  torque  measurement 

system 

The  possibility  of  air  leakage  through  the  circumferential  transferring 
mechanism  housing  slot  was  of  considerable  concern.  In  the  conventional 
construction,  a sliding  seal  is  used  to  effect  the  closure,  but  since  the 
seal  drag  resists  the  traversing  action,  the  seal  compression  is  necessarily 
low.  In  contrast,  the  design  shown  in  Figure  68  has  the  seal  compressive  load 
applied  after  the  traverse  has  been  completed.  In  this  manner,  the  seal 
compression  can  be  set  as  high  as  necessary  without  affecting  the  traversing 
mechanism . 

The  proper  operation  of  the  momentum  transfer  system  depends  on  all  of  the 
airflow  entering  and  leaving  through  the  vane  sector.  This  requires 
positive  sealing  at  the  sector  rotor  periphery. 

Initially,  air  circulation  from  the  exhaust  plenum  back  tc  the  inlet  side  of 
the  momentum  transfer  rotor  was  prevented  by  sealing  the  rotor  periphery 
with  a flexible  diaphragm.  The  diaphragm  material  was  a polyester  rein- 
forced nltryl  rubber.  The  anlstroplc  reinforcement  supports  the  hoop 
tension  deve'i'^ped  by  the  pressure  differential  across  the  diaphragm  without 
affecting  the  diaphragm's  circumferential  flexibility.  However,  during 
initial  testing  it  w^''  found  that  the  nitryl  rubber  diaphragm  Induced 
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Figure  67.  Cascade  Rig  Cross  Section. 


Figure  68.  Traversing  Mechanism  Layout. 


87 


torques  into  the  system  which  were  not  consistent  and  calibration  attempts 
were  not  repeatable.  The  diaphragm  was  replaced  with  the  pressurized 
labyrinth  seal  as  shown  in  Figure  67.  In  operation,  an  external  pressure 
was  supplied  to  the  rearward  seal  space  so  that  the  forward  seal  space 
pressure  equalled  the  nozzle  exit  plenum  cavity  pressure.  The  balance  was 
controlled  manually  using  a differential  transducer  for  the  sensor.  This 
modification  was  found  to  work  very  well  and  repeatable  calibrations  were 
achieved . 

MUME.Vri'M  TRA.h’SFER  SYSTEM 

The  momentum-transfer  system,  which  is  based  on  the  principles  of  continuity, 
energy,  and  momentum,  is  utilized  to  accurately  measure  cascade  performance 
and  to  eliminate  inconsistent  performance  results  attributed  to  conventional 
instrumentation  techniques. 

The  momentum-transfer  system  accurately  determines  the  stator  and  rotor 
tangential  velocities  from  torque  measurements.  A detailed  analysis  of  this 
concept  can  be  found  in  Reference  44. 

The  momentum-transfer  system  is  composed  of  five  main  elements  (Figure  69): 


(a)  A design  stator  or  nozzle  cascade  (DM),  which  has  the  same  physical 
geometry  as  the  turbine  stator. 

(b)  An  actuator  nozzle  (AN),  which  simulates  the  relative  velocity 
vector  to  the  turbine  rotor. 

(c)  A gimbaled  momentum-transfer  slave  rotor  (MTS),  which  turns  the 
inlet  tangential  flow  from  the  DN  cascade  to  the  axial  direction. 

(d)  The  gimbaled  design  rotor  (DR)  cascade,  which  has  the  same  geometry 
as  the  turbine  rotor. 

(e)  A torque  sensing  device  ( r)  connected  to  the  stationary  MTS  or 
DR. 


Losses  or  the  efficiency  of  the  stator  cascade  is  determined  very  accurately, 
reliably,  and  simply  with  no  reliance  on  survey  probe  data.  The  principle 
of  loss  measurement  is  as  follows: 

(a)  Airflow  (W)  and  inlet  total  temperature  (To)  and  pressure  (Pp) 
are  measured  at  the  inlet  to  the  stator. 


(b)  Average  discharge  static  pressure  (p^) , annulus  area  (Ax5),  mean 
radius  (R5)  and  torque  (T)  are  measured. 


(c)  Continuity  equation  W = Ax5  V5  Cos  ft 
and  t5  = T5  - 

2g.K-[> 


i’ 


5 


Rt5 
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MTS 


T 


Figure  69.  Momentum  Transfer  Principle. 


(d)  Momentum  equation,  ^ = w Sin  ^ 

R 

Fxpressions  (c)  and  (d ) are  two  equations  with  two  unknowns  result Ing  in  a 
solution  ot  average  stator  exit  velocity  and  discharge  angle.  Knowing 
pressure  ratio  across  the  cascade,  the  ideal  velocity  and  efficiency  is 
readily  calculated.  Average  deviation  angle  and  changes  are  extremely 
accurate  because  of  reliable  and  simple  measurements  without  surveys  and 
integration  procedures. 

Effects  of  cooling  flows,  boundary  layer  and  distortion  on  the  stator  were 
similarly  evaluated  using  the  Momentum-Transfer  System.  Use  of  the  system 
to  evaluate  the  nozzle  cooling,  boundary  layer  and  inlet  distortion  on  the 
rotor  is  determined  by  the  use  of  an  actuator  nozzle  (AN).  The  procedure 
for  determining  inlet  nozzle  distortion  on  performance  of  the  rotor  is  as 
follows : 


(a)  The  AN  is  calibrated  with  the  MTS,  and  torque  without  distortion 

( T is  measured. 

(b)  The  AN  is  calibrated  with  the  MTS,  and  torque  with  distortion  ( ^ ^N^) 
is  measured. 


(c)  The  AN  is  calibrated  with  the  design  rotor  (DR),  and  torque  with- 
out distortion  at  nozzle  inlet  (t  pg”)  is  measured. 

(d)  The  AN  is  calibrated  with  the  design  rotor  (DR),  and  torque  with 
the  nozzle  inlet  distorted  (r  pgD)  is  measured. 


(e)  The  angular  momentum  lost  by  the  nozzle  due  to  inlet  distortion 

is  A r an  = ’■  AN°  " AN^. 

(f)  The  angular  momentum  lost  by  the  rotor  due  to  a distortion  on 

the  nozzle  inlet  is  A r pg  = pg°  “ r pgD 

The  loss  in  torque  ( r pg  - t an)  is  the  loss  attributable  to  a nozzle  inlet 
distortion  effect  on  the  loss  of  the  rotor. 


In  a similar  manner,  boundary  layer,  cooling  Injection,  turbulence  intensity, 
meridional  constriction  and  variations  thereof,  can  be  accurately  be  deter- 
mined. Although  survey  data  is  very  Inaccurate  f or  a total  loss  determi- 
nation (in  small  blading),  it  is  highly  useful  for  relative  changes.  Total 
pressure,  temperature  and  angle  surveys  were  used  in  combination  with  the 
momentum-transfer  system  to  define  efficiency  contours,  local  deviations 
and  performance  contours  of  the  rotor  and  nozzle. 

The  momentum  transfer  rotor  torque  was  reacted  by  a precision  load  cell  as 
shown  in  Figure  70.  This  particular  orientation  of  the  load  cell  was 
selected  in  order  to  nominally  cancel  all  the  In-plane  loads  acting  on  the 
rotor,  thereby  relieving  the  bearing  system  of  all  but  unavoidable  spurious 
radial  loads.  A photo  of  the  slave  bearing  on  the  rotor  with  the  nozzle 
plate  removed  Is  shown  in  Figure  71. 
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Figure  70.  Momentum  Transfer  Torque  Measurement  System. 


In  order  to  minimize  the  "downtime"  between  different  nozzle  tests,  the 
nozzle,  instrumentation  and  cooling  flow  plumbing  were  provided  as  a com- 
plete replaceable  assembly.  All  the  Instrumentation  and  cooling  flow  con- 
nections were  made  on  the  periphery  of  the  nozzle  plate.  All  the  con- 
nections between  the  nozzle  and  the  nozzle  plate  were  accomplished  as  a 
bench  assembly.  All  of  the  instrumentation  tubing  connected  to  the  plate 
was  bench  assembled  to  the  nozzle  cascade  parts  using  an  epoxy  resin  bond. 

A view  of  the  nozzle  plate  showing  all  instrumentation  lines  connected  is 
shown  in  Figure  72. 

NOZZLE  MERIDIONAL  CONSTRICTION 

Several  wall  configurations  were  designed  for  evaluation  during  the  test 
sequence  in  order  to  determine  optimum  meridional  constriction  on  the 
nozzle  annulus.  Figure  73  shows  the  various  wall  configurations  tested 
and  Figure  74  shows  photographs  of  the  configuration  with  the  actual  hard- 
ware test  pieces. 

The  Phase  I section  described  the  analysis  used  to  determine  the  meridional 
constriction  for  the  A.SATT  turbine.  The  effect  of  exit  Mach  number  as 
reported  by  Delch,  et  al  (Reference  41),  shows  that  the  profiling  tech- 
nique is  effective  in  the  supersonic  as  well  as  the  subsonic  flow  regime. 

Of  the  contours  reported  (Reference  41),  contours  5 and  7 appear  to  be 
geometrically  most  similar  to  the  configurations  tested  in  the  ASATT 
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Figure  71.  Momentum  Transfer  Slave  Installed. 
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Figure  72.  Cascade  Mounting  Plate  - 
Rear  View. 


Figure  73.  Vane  Meridional  Con- 
striction Configurations. 


program.  Contour  5 is  shown  to  exhibit  the  lowest  loss,  and  it  was  used  as 
a model  to  design  the  ASATT  configuration  2.  It  has  the  constriction 
closest  to  the  trailing  edge  very  near  the  throat. 

The  nozzle  cascade  sector  consisted  of  an  annular  sector  with  parallel  walls 
leading  to  the  cascade  of  five  vanes  fixed  at  the  spacing  determined  during 
the  Phase  I turbine  design.  Particular  attention  was  given  to  the  length 
of  the  passage  to  minimize  the  boundary  layer  growth  into  the  cascade. 

Some  finite  length  was  necessary  to  accommodate  the  inlet  pressure  and 
temperature  rakes  and  a hot  film  anemometer  traverse  probe.  The  boundary 
layer  thickness  entering  the  cascade  was  estimated  from  flat  plate  theory 
to  be  3 percent  of  the  inlet  passage  height  with  the  cylindrical  wall 
inlet . 

A view  of  the  parts  which  made  up  the  cascade  assembly  for  the  cylindrical 
wall  configuration  is  shown  in  Figure  75.  The  channel  wall  static  holes 
are  shown  in  Figure  76  in  the  inner  and  outer  contoured  wall  configurations. 
Also  evident  are  the  large  holes  which  ocntalned  the  inlet  pressure  and 
temperature  rakes  on  the  outer  wall  and  the  hot  film  traverse  access  hole 
on  the  inner  wall.  All  of  the  configurations  used  the  same  foil  and  cascade 
geometry  with  the  only  difference  being  the  outer  and  inner  wall  shape. 

Some  of  the  pertinent  measured  data  of  each  configuration  In  addition  to 
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Figure  73  (design)  is: 


Configuration 

1 

2 

3 

4 

Outer  Wall  Radius, 

Exit , 

(in.) 

3.148 

3.141 

3.115 

3.075 

Inner  Wall  Radius, 

Exit , 

(in.) 

2,670 

2.660 

2.615 

2.595 

Arc  of  Inside  Wall 

Sector 

(deg.) 

69,66 

72.08 

70.55 

70,62 

Exit  Annulus  Area 

(in2) 

1.560 

1,619 

1.764 

1.586 

Inlet  Annulus  Area 

(in2) 

1.747 

2.484 

3.031 

2.430 

Throat  Area  (In^) 

0.536 

0.589 

0.640 

0.624 

TURBULENCE  SCREEN  SIZING 

Turbulence  is  the  Irregular  random  motion  of  small  fluid  masses.  Turbulence 
intensity  is  a measure  of  the  "degree  of  disturbance"  in  the  flow  stream. 

It  is  the  ratio  of  the  RMS  (Root  Mean  Square)  value  of  the  fluctuating 
components  (u’,  v',  w’)  of  turbulent  velocities  to  the  mean  velocity  (U)  of 
flow  (Figure  77).  In  general,  at  a certain  distance  from  the  screens,  the 
turbulent  motion  has  a tendency  to  assume  isotropy,  i.e.,  the  mean  oscil- 
lations in  all  the  directions  become  equal.  Mathematically,  y'  = v'  = w'. 
Therefore,  under  such  a condition,  the  turbulence  Intensity  becomes: 

T = y 1/3  (u'2  + v'2  + w'2)/U 

T - yu’2/U 

Experimental  data  for  the  turbulence  intensity  (T)  versus  the  ratio  of  the 
distance  from  the  screen  (x)  to  the  diameter  of  grid  wire  (d)  has  been 
reported  in  References  45,  46  and  47.  A formula  to  calculate  turbulence 
Intensity  (T)  with  known  values  of  x/d  has  been  given  by  Dryden^^  and  can 
be  written  as: 

T - 1 

y400  (1  + 0.4  (x/d  - 80)] 

The  above  formula  is  not  valid  for  x/d  less  than  about  60;  in  such  cases, 
Dryden's  graphical  results  as  presented  in  his  paper  are  used. 

For  various  sizes  of  the  available  wire  cloth,  calculations  were  made  for 
the  turbulence  intensity  at  the  nozzle  inlet.  The  results  of  these  cal- 
culations are  summarized  in  Table  11.  Wire  sizes  of  40  mesh  x 0.012  in. 
dla.  and  14  mesh  x 0.02  in.  dia.  for  the  screen  were  estimated  to  yield 
intensities  that  would  fulfill  the  test  objectives. 

The  screens  designed  to  produce  average  values  of  turbulence  intensity  of 
3.7  and  11.2  percent  are  shown  in  Figure  78  together  with  the  distortion 
and  blockage  plates  used  in  the  inlet  velocity  profile  variations. 
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VANK  AND  BI.ADE  I'ABKICATION 


1 

I 


Figure  77.  Turbulence  Intensity 
Induced  Upstream  of 
Nozzle  Inlet. 


The  vane  was  extruded  from  aluminuin 
as  a constant  section.  The  Phase  I 
turbine  design  vane  exit  angle 
variation  was  only  A degrees  across 
the  span, therefore  the  constant  sec- 
tion vane  was  designed  to  yield  the 
meanline  exit  air  angle  of  69.5 
degrees.  The  airfoil  contour  was 
checked  with  a 20-times  size  compara- 
tor and  was  within  0.002  inch. 

The  cooled  vane  configuration  tested 
is  shown  in  Figure  79  installed  in 
the  inner  cycllndrlcal  wall.  A top 
view  of  the  cooled  vanes  shown  in 
Figure  80  shows  the  supply  holes  for 
the  cooling  slots  and  the  inner  shroud 
cooling  holes.  A cooling  manifold 
arrangement  was  used  to  valve-off  the 
different  cooling  circuits  for  various 
test  runs. 


The  rotor  cascade  sector  was  machined  from  free-machining  brass  on  a contour 
mill  in  an  integral  wheel.  Tlie  airfoil  contours  were  checked  with  the  20 
times  size  mylars  and  were  within  the  0.002  inch  tolerance  band  for  nearly  all 
all  sections  checked.  The  few  sections  falling  outside  the  tolerance  band 
had  a maximum  deviation  of  0.003  inch.  Front  and  rear  views  of  the  pres- 
sure loaded  rotor  are  shown  in  Figure  81,  and  the  suction  loaded  rotor  is 
shown  in  Figure  82. 

A third  rotor  cascade  was  designed  to  test  a lower  solidity  pressure  loaded 
configuration.  Since  the  same  sector  space  had  to  accommodate  the  de- 
creased solidity  configuration,  the  choice  of  solidity  was  dictated  by  re- 
moving one  or  more  blades  and  spacing  the  remaining  equally  within  the 
sector.  Removal  of  two  blades  produced  a solidity  reduction  of  22  percent 
and  was  deemed  an  adequate  change.  The  reduced  solidity  rotor  was  designed 
to  the  same  vector  triangles  as  the  baseline  rotor  so  that  the  rotor  re- 
action for  both  rotors  would  be  identical  for  the  rotor  cascade  configu- 
ration. The  reduced  solidity  rotor  is  shown  in  Figure  83. 

INSTRUMENTATION 

The  instrumentation  for  the  cascade  rig  was  provided  to  enable  the  measure- 
ments of  inlet  total  temperature  and  pressure  airflow,  channel  wall  static 
pressures,  boundary  layer  velocity  profile,  inlet  passage  distribution  of 
turbulence,  vane  exit,  and  rotor  exit  radial  and  circumferential  traverse 
of  total  pressure  and  temperature  and  angle  and  torque  reaction  due  to 
momentum  change.  The  majority  of  the  pressure  measurements  were  made  using 
transducers  and  a few  using  Wallace  and  Tlerman  absolute  pressure  gauges 
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Fip.urc  78.  C.isc.idc  Inlet  Distortion,  Turbulence  and  BlockaRe  Plates 


TABI.K  11 

ti'rbui.knck  produced  by  various  screen  sizes 


Wire  Size 
Detail 


* Screens  Chosen  to  Fulfill  Test  Objective 


Figure  79(b).  Pressure  Side  Gill  Slots. 


Figure  79(c).  Trailing  F.dge  Slots. 
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Figure  80.  Cooling  Supply  Holes. 


for  test  stand  monitoring.  Temperatures  were  measured  using  iron-constant 
thermocouples.  A table  of  instrumentation  shown  in  Figure  84  lists  location 
of  measurement,  ranges  and  expected  accuracy. 

The  hot  film  anemometer  traverse  located  immediately  in  front  of  the  vane 
leading  edge,  consisted  of  a radial  survey  between  the  center  vanes  to 
ascertain  the  velocity  profile,  turbulence  intensity  level  and  boundary 
layer  thickness.  Forty-two  surface  static  pressure  taps  were  located  at 
the  inner  and  outer  wall,  passage,  and  at  the  vane  meanline  suction  and 
pressure  surfaces. 

Turbulence  and  boundary  layer  measurements  were  made  using  a hot-film 
probe  as  shown  in  Figure  85(a)  together  with  the  electronic  equipment  in 
Figure  85(b).  The  equipment  used  for  these  measurements  consisted  of: 

1.  RMS  Voltmeter  (Thermal  System  Incorporated  TSI  Model  No.  1060). 

2.  Digital  Voltmeter  (Weston  Model  1240). 

3.  Monitor  and  ''.ot-fllm  power  supply  for  constant  temperature 
anemometers  with  signal  linearlzer  (TSI  Models  1051-6,  1050 
and  1052). 

4.  Oscilloscope  (Tektronlc  type  535  with  camera  attachment). 

Traverse  data  was  taken  Initially  with  a wedge  type  probe  shown  in  Figure 
86  as  Installed  in  front  of  the  slave.  Initial  tests  proved  that  the 
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Figure  82(a).  Rotor  Cascade  - Suction  Loaded  - Rear  View 


Figure  82(b).  Rotor  Cascade  - Suction  Loaded  - Front  View 


Figure  83(b).  Rotor  Cascade  - Reduced  Solidity  - Front  View. 


104 
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Figure  84.  Cascade  Instrumentation  Detail 
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Figure  85(b).  Anemometer  Accessory  Equipment 


Figure  85(a).  Hot 

Film  Anemometer 
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Figure  86.  Momentum  Transfer  Slave  Inlet. 


blockage  required  by  the  probe  shank  affected  the  flow  field,  and  subsequent 
testing  was  performed  using  a small  cobra  head  probe  of  the  type  shown  in 
Figure  87  (circled). 

INSTRUMENTATION  CALIBRATION  AND  ACCURACY 

The  instrumentation  was  selected  and  calibrated  to  accurately  measure 
cascade  performance  and  to  determine  local  performance  variations. 

The  momentum  transfer  slave  torque  measurement  system  was  calibrated  over 
a 50-pcund  force  range  and  10  pslg  rig  pressure  range  to  yield  a maximum 
error  of  0.35  percent  of  full  scale.  Figures  88  and  89  present  the  M.T.S. 

^ correction  data  as  a function  of  slave  force. 

The  inlet  turbulence  and  boundary  layer  velocity  profile  were  measured  with 
a constant  temperature  hot  film  probe.  The  probe  consisted  of  a quartz- 
coated  platinum  film  sensor  on  a 0.002-lnch  glass  rod  (TSI  Model  1210). 

The  hot  film  probe  was  tunnel  calibrated  to  500  ft/sec  velocity  and  ^he 
hot  film  voltage  was  normalized  to  standard  pressure  (Ehot  FILM'^<5  "*)  • 
Figure  90  shows  a typical  hot  film  calibration  curve.  Turbulence  intensity 
was  determined  using  the  measurement  of  RMS  voltage  and  the  velocity/voltage 
relationship  determined  from  Figure  90,  a function  of  the  corrected  hot  film 
voltage,  as  follows: 
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Figure  87.  Cobra  Head  Traverse  Probes. 


T = R>tS  .i  V turbulence  intensity 

U .ie 

Where:  RMS  = root  mean  square  of  the  axial  velocity  fluctuations 

measured  with  an  RMS  voltmeter  (TSI  Model  1060) . 

U = free  stream  velocity 

^ V “ velocity-voltage  relationship  described  in  Figure  90 
a e 

The  nozzle  exit  angle,  total  pressure,  and  temperature  were  measured  by  a 
standard  cobra  type  probe.  The  probe  consisted  of  a 0.125-inch  support 
stem  and  0.040- inch  angle  and  total  pressure  sensing  tubes.  Also,  a bare 
wire  iron-constantan  thermocouple  was  placed  at  the  probe  center  line,  0.050 
inch  above  the  total  pressure  element.  The  probe  was  tunnel  calibrated 
over  a range  of  Mach  numbers  for  pressure  and  temperature  recovery  factors. 
Figure  91  shows  the  recover  data  obtained. 

The  pressure  transducers  and  thermocouples  were  calibrated  to  the  IBM  Data 
Acquisition  and  Control  (DAC)  system.  Each  pressure  transducer  was  pres- 
surized in  steps  throughout  its  range  of  operation  with  a Mensor  pressure 
controller.  Model  10095-00X  quartz  pressure  sensor.  The  DAC  system  read 
and  recorded  each  pressure  data  point  and  generated  a slope  and  intercept 
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RIG  CAVITY  PRESSURE  INCHES  MERCURY  GAUGE 

LOAD  CELL  FORCE  CORRECTION  ERROR  = (ACTUAL  LOAD 
CELL  READING)  [0.455^1^J  x RIG  CAVITY  PRESSURE  (in  Hgg)) 


Figure  88.  Load  Cell  Force  Correction  Error. 


type  calibration.  Each  transducer  was  then  check-calibrated  to  ensure 
accuracy  within  +0.25  percent  of  reading.  The  thermocouples  were  cali- 
brated In  a similar  manner  to  within  +2“F  of  reading. 

TEST  FACILITY,  PROCEDLUES  AND  DATA  ACQUISITION 

TEST  FACILITY 

The  test  equipment  consisted  of  a line  from  the  facility  shop  air  supply, 
an  Inlet  control  valve,  an  Inlet  electrical  resistance  heater,  a filter,  a 
cascade  rig  and  Instrumentation,  and  the  vacuum  exhaust  line.  This  arrange- 
ment Is  shown  schematically  In  Figure  92.  A photograph  showing  the  facility 
Is  presented  In  Figure  93. 

The  rig  was  stationed  on  a portable  stand  shown  in  the  test  facility  sche- 
matic, Figure  93.  Air  from  the  shop  air  supply  flowed  through  a 25-mlcron 
filter,  a 15-KW  electrical  resistance  heater,  an  ASME  sharp-edged  orifice 
with  flange  taps,  and  Into  the  rig  plenum  through  a 2-lnch  flex  hose.  The 
airflow  impinged  on  a baffle  plate  which  served  as  a dampener  to  minimize 
flow  pulsations  at  the  cascade  Inlet.  The  flow  proceeded  through  the  cas- 
cade section,  the  momentum  transfer  slave  (MTS),  and  was  exhausted  to  the 
laboratory  exhaust  system. 
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Figure  89.  Slave  Force  Calculation  Error. 

Initial  testing  showed  that  a hlgher-than  expected  total  pressure  loss  was 
occurring  across  the  momentum  transfer  slave.  The  exhaust  was  hardline 
plumbed  to  the  vacuum  exhaust  system,  to  allow  the  rig  to  operate  at  a 
variety  of  inlet  pressures  and  overall  pressure  ratios.  With  this  facility 
modification  the  rig  was  capable  of  operating  over  a range  of  inlet  pres- 
sures between  20  psia  to  50  psia  with  any  exhaust  pressure  as  low  as  1 psla. 

TEST  PROCEDURES 

The  rig  was  installed  in  the  test  facility  and  leak  checked  at  50  psia  with 
the  exhaust  port  capped.  The  data  acqusitlon  system  was  brought  on  line 
and  ambient  readings  of  all  recorded  measurements  were  taken.  Flow  was 
initiated  by  opening  the  upstrean,  control  valve  and  setting  the  inlet 
pressure  at  a predetermined  value  depending  on  the  test  run.  Inlet  pressure 
was  varied  during  the  test  program  from  20  psia  to  50  psia.  The  nozzle 
pressure  ratio  was  set  using  the  vacuum  exhaust  control  valve.  The  exhaust 
pressure  was  varied  from  ambient  (14.7  psia)  to  1 psia  to  yield  the  desired 
pressure  ratio  and  nozzle  exit  Mach  number. 

Caseous  nitrogen  was  expanded  from  high  pressure  bottles  to  provide  the 
flow  for  the  cooling  effects  test  sequence.  Air  inlet  temperature  was 
controlled  using  an  electrical  resistance  heater  in  the  line.  The  inlet 
temperature  was  maintained  between  120'  and  140'F  to  prevent  condensation 
at  the  nozzle  exit.  Thirty-eight  test  configurations  were  run  Including 
seven  test  reruns,  and  over  200  hours  of  test  time  was  accumulated  on  the 
cascade  rig. 
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Figure  90.  Hot  Film  Calibration 
Curve . 


Figure  91.  Discharge  Survey  Cobra 
Probe  Recovery  Calibra- 
tion. 
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Figure  92.  Schematic  of  Test  Arrangement. 
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Flf?ure  93.  ASATT  Turbine  Cascade  Facility. 
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The  desired  test  point  was  set  by  determining  the  nozzle  exit  Mach  number 
from  the  momentum  transfer  calculation.  When  a desired  test  point  was 
achieved,  all  instrumentation  was  scanned  with  the  traverse  probes  re- 
tracted from  the  air  passage  and  the  data  was  printed  on  the  console  type- 
writer and  recorded  on  magnetic  tape. 

The  radial  traverse  of  the  hot  film  probe,  located  mid-channel  at  the  vane 
inlet,  consisted  of:  (1)  determining  the  input  voltage/velocity  charac- 

teristic at  the  mid-passage  and  (2)  traversing  at  2 percent  span  Intervals, 
starting  at  the  inner  wall  and  recording  RMS  and  input  voltage  at  each 
interval.  Selected  points  were  displayed  on  the  oscilloscope  and  photo- 
graphed using  the  Polaroid  camera  attachment. 

The  radial  and  circumferential  traverse  performed  at  the  nozzle  exit  con- 
sisted of  sampling  eight  radial  and  circumferential  locations.  Inlet 
pressure  and  flow  was  continually  monitored  during  each  traverse  to  Insure 
that  the  set  point  was  maintained.  Approximately  30  seconds  was  required 
at  each  traverse  point  for  pressure  stabilization  to  occur. 

A radial  and  circumferential  total  pressure  and  angle  survey  was  performed 
at  the  slave  exit  to  determine  whether  all  of  the  tangential  momentum  was 
transferred.  When  it  was  determined  that  the  flow  was  axial,  this  traverse 
was  omitted  from  the  test  procedure  for  the  remaining  test  sequence. 

DATA  ACQUISITION 

The  data  acquisition  procedure  adopted  for  collecting  and  assimilating  the 
cascade  data  consisted  of  implementing  the  IBM  1800  data  acquisition  and 
control  system  (DACS). 

The  IBM  1800  DACS,  Figure  94,  is  basically  a digital  computer  with  specific 
hardware  features  designed  to  facilitate  Interaction  with  real  time  pro- 
cesses. The  1800  system  is  a 16-bit  word  machine  with  cycle  times  of  two 
or  four  micro  seconds.  A full  range  of  data  processing  peripherals  is 
supported.  These  Include  card  and  paper  tape  readers  and  punches,  type- 
writers, line  printers,  and  magnetic  tape  and  disc  storage  devices.  System 
control  is  enhanced  by  a multilevel  hardware  interrupt  capability  along 
with  flexible  and  digital  modes.  Analog  to  digital  converters  (ADC)  are 
available  with  speeds  of  10,000  or  20,000  samples  per  second.  Signal 
multiplexers,  interfacing  with  the  ADC,  are  available  in  solid  state  (high 
^ level  only)  and  relay  (high  and  low  level)  types  with  switching  rates  of 

1000  points/second  and  100  points/second,  respectively.  Standard  digital 
input/output  capability  is  enhanced  by  pulse  counter  and  electronic  contact 
switching  features. 

All  the  above-mentioned  hardware  features  are  fully  supported  in  the 
FORTRAN  IV  high-level  language  under  the  control  of  the  Multiprogramming 
Executive  System  (MPX). 

The  DACS  presently  features  a 32K,  four  micro  second  1800  computer,  paper 
tape  punch,  l-console  typewriter  keyboard,  4-remote  typewriter  printers. 
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Figure  94.  IBM  1800  Data  Acquisition  and  Control  System. 
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1-card  reader /punch , 2-nuignetlc  tape  drive.  Process  input/output  Includes 
10,000  point  per  second  ADC,  320  points  of  remote  analog  input,  97  digital 
Inputs,  48  digital  outputs,  48  process  interrupts,  16  electronic  contact 
operate  switches  and  2 points  of  analog  output.  A solenoid  operated  master 
switching  panel  combined  with  remote  multiplexers  affords  remote  access 
(maximum  of  10,000  feet)  to  all  test  areas  in  the  network. 

The  system  as  configured  for  the  cascade  testing  is  shown  in  Figure  95. 

This  setup  utilizes  five  pressure  scanner  valves  connected  to  transducers 
which  are  connected  to  the  IBM  1851  Multiplexer.  The  scanners  have  twelve 
input  pressures,  each  one  of  which  is  reserved  for  calibration.  Through  a 
unique  switching  arrangement,  various  segments  of  the  test  measurements  are 
recorded,  printed  or  stored,  or  used  for  calculations  to  aid  in  establishing 
the  test  point  arid  the  cascade  performance. 

Data  was  available  immediately  for  inspection  and  cursory  analysis  through 
the  on-line  typewriter  output.  The  data  recorded  on  magnetic  tape  was 
reduced  on  the  IBM  370  where  velocity,  Mach  number,  pressure  loss,  and 
other  salient  calculations  were  performed.  The  cal-comp  plotter  was 
utilized  for  plotting  the  radial  and  circumferential  traverse  data.  Air 
was  supplied  to  the  rig  from  the  factory  air  supply. 

CASCADE  TEST  RESULTS 


The  testing  was  phased  to  provide  aerodynamic  performance  data  in  a 
systematic  sequence  considering:  (1)  application  of  the  momentum  transfer 
principles,  and  (2)  expedient  use  of  assembly  and  test  time.  The  test 
sequence  is  shown  in  Table  12.  During  the  test  program  it  was  deemed 
expedient  to  revise  the  test  program.  The  testing  performed  deviated 
somewhat  from  the  sequence  shown  in  Table  12.  A detailed  breakdown  of  the 
test  sequence,  as  run,  is  given  in  Appendix  D. 

A summary  of  the  test  configuration  geometry  is  given  in  Table  13.  The 
table  lists  the  dimensional  measurements  taken  for  each  test  configuration. 

The  test  results  are  presented  in  the  form  of  inlet  and  exit  pressure, 
velocity  and  mass  flow  distributions  and  contour  plots  of  loss  coefficient 
and  efficiency  for  the  test  sequences.  The  vane  meanline  and  channel  inlet 
and  exit  velocity  distributions  are  also  shown.  Comparisons  are  made 
between  the  momentum  data  and  the  conventional  pressure  and  angle  traverse 
data.  The  calculation  procedure  used  in  determining  nozzle  efficiency 
from  momentum  transfer  (MTS)  data  is  given  In  Reference  2,  Appendix  III 
for  one  of  the  data  points.  The  deviations  from  the  predicted  performance 
and  impact  on  the  Phase  111  full-round  rotating  turbine  design  are  dis- 
cussed in  the  cascade  data  evaluation  section. 

TEST  SERIES  A - EVALUATION  OF  MERIDIONAL  CONSTRICTION  ON  NOZZLES 
Test  Objective 

The  purpose  of  this  test  series  was  to  evaluate  four  wall  configurations 
and  to  ascertain  which  of  the  four  wall  configurations  would  have  the  best 
meridional  constriction  for  performance.  These  configurations  consisted 
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Figure  95.  Data  Acquisition  System  - ASATT  Cascade. 
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of:(l)  cylindrical  Inner  and  outer  walls,  (2)  a contoured  outer  wall  with  a 
cylindrical  inner  wall,  (3)  the  same  contoured  outer  wall  as  Configuration 
2 with  a contoured  inner  wall,  and  (4)  the  second  contoured  outer  wall  and 
a cylindrical  inner  wall  (Figure  74). 

Test  Results 


Test  data  was  reduced  in  the  form  of  Calcorop  plots,  exit  contour  plots, 
blade  loading  diagrams  for  the  nozzle  as  a function  of  static  pressures, 
and  exit  static  pressure  distributions.  In  addition,  average  total  ef- 
ficiencies were  calculated  for  the  particular  configuration. 

The  nozzle  vane  pressure  loss  radial  distributions  obtained  from  the  four 
endwall  configurations  are  shown  in  Figures  96  through  99.  Initial 
difficulties  with  tlie  operation  of  the  MTS  system,  explained  in  a previous 
section,  clouded  the  comparisons  of  average  loss.  The  radial  distribution 
and  the  loss  level  appear  to  be  consistent  with  the  loss  Indicated  from 
the  MTS  in  terms  of  nozzle  efficiency.  The  comparison  of  the  configurations 
is  summarized  as  follows: 


NOZZLE  EFFICIENCY 


Traverse 


P1/P4  (Cascade 


Configuration 

(Area  Average) 

MTS 

Total  Press: 

Design 

87.4 

87.4 

2.70 

1 

80.1 

78.0 

2.90 

2 

89.1 

87.5 

2.56 

3 

83.3 

78.0 

2.27 

4 

85.9 

78.0 

2.30 

The  comparison  of  the  measured  radial  pressure  loss  distribution  with  the 
design  distribution  showed  that  the  endwall  losses  were  substantially 
higher  than  anticipated.  The  data  also  shows  that  a large  variation  exists 
in  the  circumferential  direction,  indicating  the  presence  of  strong  three- 
dimensional  flows.  All  of  the  data  comparisons  were  made  at  conditions 
which  were  as  close  to  the  design  value  as  practical  within  the  rig 
stabilization  time. 


The  survey  data  indicated  that  of  the  four  configurations,  Configurations  2 
and  4 showed  the  best  or  closest  to  design  efficiency  distributions. 

Figure  100  shows  Mach  number  versus  radius  at  the  exit  as  compared  to  the 
design  requirements  for  Configuration  2.  It  was  noted  that  the  tip  section 
meets  design  requirements,  whereas  the  hub  shows  definite  underturning  and 
an  indication  of  high  loss.  This  is  confirmed  in  Figure  101,  which  shows 
the  flow  angle  distributions  versus  radius. 

A similar  set  of  curves  is  presented  for  Configuration  4 in  Figures  102  and 
103.  In  this  case,  the  data  presented  is  at  a total-to-statlc  pressure 
ratio  of  2.3,  which  is  somewhat  lower  than  design.  The  survey  data  Indicates 
that  this  configuration  shows  much  higher  losses  than  Configuration  2. 
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Figure  96 


Test  Series  A - Con- 
figuration 1 - Nozzle 
Local  Total  Pressure 
Loss  Distribution. 


Test  Series  A - Con- 
figuration 2 - Nozzle 
Local  Total  Pressure 
Loss  Distribution. 
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Figure  98 


Test  Series  A - Con- 
figuration 3 - Nozzle 
Local  Total  Pressure 
Loss  Distribution. 


Figure  99 


Test  Series  A - Con- 
figuration 4 - Nozzle 
Local  Total  Pressure 
Loss  Distribution. 


♦ 

r ^ 

y 

/ 

^ - 

Y 

' ■ 

I RAl' 

t 

h 


> W(t|  M 


ao 

4Wb 
a'JUj  i 

*2.000 
’^Sob 

/UUOf) 

I'AiWD— 

w(R*(il  U(&i<«K  MA(  I 
Vt.NbBlCAt  AiA>  la 

t«0  1 120 


HOM  ANt.U  'r>«gi  VS  RADIUS 

I :• 

NO/?Ll  PRtSSURI  RATIO  Pi/J-4' 2.M  ^ ^ 


. i . I 


n IS  TM6TA  • 
A IS  THETA  • 

♦ iSTmETA  . 
■ IS  TmETA  - 
•^IS  TMETA  ■ 

❖ is  TMETA  • 
TiS  TMETA  • 


- t;  • t -r 

I ! 

f • 


ao 

4.000 

a.  000 
12.000 
iaooo 
2aooo 
mooo 


-<r *vt  RAGE  DESIGN  ANGLE 

CYLINDRICAL  *ALLS 


2.80  190 

RADIUS.  <0. 


Figure  100. 


Test  Series  A - Con- 
figuration 2 - Nozzle 
Fxlt  Mach  Number  Dis- 
tribution . 


Figure  101, 


Test  Series  A - Con- 
figuration 2 - Nozzle 
Fxlt  Flow  Angle  Dis- 
tribution. 


Figure  103  also  shows  that  underturning  in  the  hub  at  some  circumferential 
positions  is  as  low  as  30°,  which  would  be  indicative  of  hub  separation. 

Figure  lOA  summarizes  the  exit  total  pressure  contour  as  a function  of 
radius  and  circumferential  angle  for  the  four  configurations.  The  data  is 
presented  for  cascade  total  pressure  ratios  as  close  to  design  value  as 
could  be  achieved  with  various  configurations.  The  contour  plots  are 
given  in  terms  of  local  exit  pressure  average.  As  such,  they  represent  a 
pressure  defect  when  the  value  becomes  less  than  zero.  The  contour  plots 
Illustrate  a total  pressure  loss  defect  in  the  inner  and  outer  walls,  and 
the  total  pressure  loss  appears  to  be  significantly  higher  at  the  inner 
radii  in  each  of  the  four  configurations.  Of  the  four  configurations, 
number  2 appears  to  have  the  lowest  loss  in  terms  of  total  pressure  para- 
meter and  the  most  uniform  total  pressure  distribution  as  a function  of 
rad ius . 

A comparison  of  all  four  configurations  on  the  basis  of  total  pressure  loss 
coefficient  versus  percentage  blade  span  at  mid-passage  is  given  in  Figure 
105.  This  survey  data  shows  that,  by  comparison,  the  lowest  losses  here  are 
Incurred  by  the  wall  cc  Iguratlons  of  geometry  2 and  geometry  A.  Cylindri- 
cal wall  conflguratlo  hows  substantially  larger  losses  in  the  region 
of  the  outer  radii.  iguratlon  3,  on  the  other  hand,  shows  high  losses 

on  both  walls.  Of  the  .wo  remaining  configurations  under  consideration, 
only  one  data  point  separates  the  performance  superiority  of  Configuration 
4 over  Configuration  2. 


Local  static  pressure  distributions  at 
the  mid-passage  of  the  nozzle,  as  a 
function  of  axial  chord,  are  given  in 
Figures  106  through  109.  The  most 
significant  feature  of  these  curves 
is  the  static  pressure  distribution 
on  the  suction  side  in  the  near  80 
to  100  percent  section.  The  curves 
indicate  that  with  the  exception  of 
Configuration  1,  which  has  cylindrical 
walls,  there  is  little  or  no  Indlca- 
t'on  of  separation  on  the  suction 
side  of  the  blading  in  this  region. 

In  the  case  of  Configuration  1,  the 
static  pressure  at  a location  of  82 
percent  chord  shows  a lower  static 
pressure  than  at  the  discharge  of 
100  percent  chord.  The  remaining 
configurations  show  either  accelera- 
tion or  minor  differences  in  static 
pressure  at  this  station. 

The  set  of  curves  showing  the  exit 
static  pressure  distribution  on  the 
inner  and  outer  walls.  Figures  110 
through  113,  are  most  interesting  from  the  standpoint  of  Indicators  of 
separation.  Any  change  in  inner  or  outer  static  pressure  which  con- 
stitutes a step  Increment  would  be  an  Indicator  of  separation.  With  the 
exception  of  Coiif Igurat ion  2,  on  its  outer  wall,  all  four  wall  configu- 
rations indicate  this  separation  trend.  Configuration  2 does  indicate, 
however,  a separation  trend  on  the  inner  wall  on  the  suction  side  of  the 
vane  which  is  consistent  with  the  outer  three  wall  configurations.  It  is 
judged  that  of  the  four  configurations,  however.  Configuration  2 is  the 
least  separation  prone  over  the  entire  vane  surface. 

Additional  information  Indicating  that  Configuration  2 has  the  best  overall 
characteristics  of  the  four  tested  is  given  in  Test  Series  B.  Here  a 
comparison  from  the  momentum  transfer  system  efficiencies  is  given  as  a 
function  of  high  stator  exit  mean  Mach  numbers. 

TEST  SERIES  B - EVALUATION  OF  HIGH  STATOR  M1:AN  EXIT  MACH  NUMBER  ON  STATOR 
AND  ROTOR  PERFOR.MANCE 


• • '*  - AiJ*’ 

T • ’ A •.  Kf 


Figure  102.  Test  Series  A - Con- 
figuration 4 - Nozzle 
Exit  Mach  Number  Dis- 
tr Ibut ion . 


Test  Objective 

The  test  objective  of  this  sequence  was  to  determine  the  nozzle  cascade 
performance  at  several  .Mach  numbers.  In  this  case,  torque  was  recorded 
on  all  runs  and  converted  to  a loss  curve  as  a function  of  Mach  number. 
This  test  series,  as  in  the  previous  set  of  runs.  Incorporated  turbulence 
screen  1,  which  was  designed  to  produce  a turbulence  intensity  of  3.7 
percent  at  the  vane  Inlet. 
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RADIUS,  in. 


Figure  103.  Test  Series  A 
Distribution. 


Configuration  4.  Nozzle  Exit  Flow  Angle 


Test  Results 


Since  the  earlier  test  evaluations  had  narrowed  down  the  candidate  meri- 
dional wall  constriction  to  an  optimum  configuration,  2 or  4,  this 
test  series  evaluated  only  these  two  configurations.  Figure  114  presents 
nozzle  efficiency  as  a function  of  exit  Mach  number  obtained  from  the 
momentum  transfer  system  for  Configurations  2 and  4.  This  data  shows 
that  Configuration  4 peaks  out  in  efficiency  on  the  order  of  80  percent 
at  a Mach  number  exit  of  1.15.  Configuration  2 again  shows  superiority 
at  the  higher  Mach  numbers  and  demonstrates  an  efficiency  level  of  93  per- 
cent at  the  test  exit  Mach  number  of  1.3. 

The  result  of  this  test  series  indicated  that  the  efficiency  peaks  out  at 
^ Mach  numbers  approaching  design  values  on  Configuration  4 and  exceeding 

design  Mach  numbers  results  in  higher  losses.  Of  the  four  configurations 
tested,  Configuration  2 showed  performance  approximating  that  which  was 
desired . 

TEST  SERIES  C - EFFECT  OF  INLET  TURBULENCE 
Test  Objective 

Test  Series  C evaluates  the  effect  of  different  inlet  turbulence  intensity 
levels  on  the  nozzle  cascade  performance.  Turbulence  Intensity  levels  were 
artlflcally  Induced  using  screens  of  different  wire  size  and  mesh  placed 
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Figure  108 


Test  Series  A - Co 
figuration  3 - Bla 
Loading  Diagram  at 
~ Flnlet/Psexit  ” 
Design. 


Test  Series  A - Con- 
figuration 2 - Blade 
Loading  Diagram  at 
~ Finlet/Psexlt  “ 
Design . 
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Fi^’ure  109.  Test  Series  A - Con- 
fiRuration  4 - Blade 
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Figure  110.  Test  Series  A - Con- 
figuration 1.  Fxit 
Pressure  Distribution 
on  Inner  and  Outer 
Walls. 


Figure  111.  Test  Series  A - Con- 
figuration 2.  Kxit 
Pressure  Distribution 
on  Inner  and  Outer 


Figure  112.  Test  Series  A - Con- 
figuration 3 - Exit 
Pressure  Distribution 
on  Inner  and  Outer 
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Figure  113.  Test  Series  A - Con- 
figuration 4 - Exit 
Pressure  Distribution 
on  Inner  and  Cuter  Walls. 


Figure  114.  Test  Series  B - Nozzle 

Efficiency  From  Momentum 
Transfer  System  Versus 
Exit  Mach  Number. 


upstream  of  the  nozzle  leading  edge.  The  turbtilence  intensity  was  cal- 
culated from  measuued  values  of  bridge  voltage  and  RMS  voltage  using 
equipment  described  in  the  previous  section  in  conjunction  with  a hot  film 
anemometer  which  was  calibrated  in  the  Teledyne  CAE  flow  facility. 

lest  Results 

The  inlet  turbulence  measurements  for  Test  Series  C are  shown  in  Figure  115 
and  116  together  with  the  baseline  low  turbulence  screen.  The  wail  con- 
figurations tested  were  the  contoured  outer  and  cylindrical  inner,  number 
2 and  number  4.  Also  listed  is  the  inlet  Mach  number  and  Reynolds  number 
and  the  nozzle  exit  absolute  Mach  number.  Several  Reynolds  numbers  were 
run  by  varying  the  inlet  pressure  over  the  range  from  18  psla  to  36  psla. 
Nozzle  pressure  ratio  was  set  for  each  test  by  using  the  vacuum  exhaust 
control . 

Examination  of  Figures  115  and  116  shows  that  high  turbulence  intensity 
exists  near  the  wall,  the  value  being  several  times  that  near  mid-channel. 
This  phenomenon  is  well  known  (Reference  39,  pp.  466),  as  is  shown  in  Figure 
117;  however,  no  analytical  procedure  was  available  to  Include  that  effect 
during  the  design  analysis.  The  low  intensity  screen,  screen  one,  produced 
nearly  the  expected  value  of  3.7  percent  near  mid-channel  with  a peak  near 
the  wall  of  11  percent,  while  screen  two  produced  much  less  than  expected. 
The  intensity  showed  a strong  dependence  on  Reynolds  number,  particularly 
near  the  wall,  with  the  higher  Reynolds  number  producing  the  greater 
turbulence. 
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Figure  115.  Test  Series  C - Con-  Figure  116,  Test  Series  C - Effect 
figuration  4 - Effect  of  of  Reynolds  Number  on 

Inlet  Reynolds  Number  on  Turbulence  Intensity  for 

Turbulent  Intensity.  Configuration  2. 

The  traverses  were  performed  from  the  inner  toward  the  outer  wall  so  that 
the  inner  wall  boundary  layer  wall  was  always  penetrated.  The  outer  wall 
boundary  layer  was  penetrated  on  only  one  test,  and  the  hot  film  anemometer 
bumped  the  outer  wall  failing  the  instrument.  All  other  tests  were  tra- 
verses to  approximately  80  percent  passage  height  to  prevent  hot  film 
failures.  The  test  which  did  traverse  the  complete  span  indicated  signifi- 
cantly lower  outer  wall  turbulence  with  respect  to  the  inner  wall. 

A TSI-Model  1060  R>JS  voltmeter  was  used  to  record  the  root  mean  square  of 
the  axial  velocity  fluctuations  detected  by  the  hot  wire  anemometer.  As  a 
visual  check,  an  oscilloscope  was  wired  into  the  hot  film  circuit.  Figure 
^ 118  shows  photographs  of  some  oscilloscope  traces  from  the  hot  film  output 

at  various  locations  through  the  inner  boundary  layer.  The  low  frequency 
peaks  represent  noise  which  is  filtered  out  in  the  RMS  voltmeter,  high 
frequency  data,  which  appear  as  thick  trace  lines,  represent  the  RMS  value 
of  the  axial  velocity  fluctuations.  The  corresponding  voltmeter  reading  is 
shown  by  each  picture.  Comparison  of  the  readings  at  6 percent  height  and 
at  20  percent  height.  Illustrates  the  decrese  in  magnitude  of  fluctuations 
as  the  probe  moved  away  from  the  inner  wall. 

Figure  119  presents  the  measured  inlet  turbulence  intensity  at  the  midspan 
as  a function  of  Reynolds  number  for  the  two  nozzle  wall  configurations 
and  the  two  screens.  Over  the  range  of  Reynolds  numbers  tested,  turbulence 
intensity  was  little  affected  in  the  mid-passage  by  variations  in  this 
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Figure  117.  Measurement  of  Fluctu- 
ating Turbulent  Com- 
ponents In  a Wind 
Tunnel  (Reference  39)  . 

preceding  sequence  dealing  with  inlet 
in  this  sequence,  each  producing  a dl 


parameter.  This  is  contrary  to  the 
strong  effects  as  measured  near  the 
wall  extremetles  of  Figures  1]5  and 
116. 

Figure  120  gives  the  efficiency  fall 
off  of  nozzle  wall  Configuration  2 
due  to  screen  turbulence  Intensity 
changes.  Increasing  turbulence  in- 
tensity results  in  Increased  nozzle 
losses.  Similar  data,  presented  in 
Reference  38,  confirms  this  trend. 

TEST  SERIES  D - EVALUATION  OF  STATOR 
INLET  BOUNDARY  LAYER 
AND  FLOW  DISTORTION 

Test  Objective 

The  objective  of  Test  Series  D was  to 
determine  the  ASATT  nozzle  performance 
under  various  inlet  velocity  pertur- 
bations. Hot  film  anemometer  measure- 
ments were  taken  as  described  in  the 
turbulence.  Six  tests  were  performed 
ferent  inlet  velocity  profile. 


Test  Results 


The  velocity  profile  was  artiflcally  induced  using  blockage  plates  located 
in  the  plane  of  the  distortion  screen.  The  magnitude  of  the  induced  velo- 
city defect  was  estimated  using  a superposition  of  the  plate  height  on  the 
boundary  layer  at  the  screen  as  calculated  from  flat  plate  theory.  A geo- 
metric summary  of  the  blockage  plates  used  at  the  inner  and  outer  walls  is 
given  in  Table  13. 

Figure  121  shows  the  inlet  velocity  distribution  measured  for  the  baseline 
(zero  blockage),  together  with  the  inner,  outer,  and  inner  and  outer  com- 
bined plates.  The  performances  of  these  configurations  are  summarized  in 
Table  14.  The  traverse  data  shown  in  Figure  122  was  area  averaged  and  a 
nozzle  efficiency  was  calculated.  The  results  show  that  the  increased 
boundary  layer  on  the  inner  wall  causes  the  largest  decrease  in  efficiency. 
Inner  and  outer  wall  boundary  layer  increase  caused  a lesser  reduction  in 
nozzle  efficiency  compared  to  the  inner  and  outer  alone.  Figure  123  shows 
the  velocity  distributions  produced  using  a blockage  plate  to  significantly 
distort  the  inlet  flow  field  in  three  distinct  modes,  high  outer  wall,  high 
inner  wall  and  pipe  flow  velocity  distributions. 

The  efficiencies  of  the  flow  distortion  tests  are  also  shown  in  Table  14. 

It  is  interesting  to  note  that  the  decrement  in  nozzle  efficiency  was 
greater  for  the  inner  wall  blockage  and  least  for  the  inner  and  outer 
combined . 
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RMS  VOLTAGE 


TIME 


3 PERCENT  HEIGHT 
RMS  - 0.225V 
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10  PERCENT  HEIGHT 
RMS  0.16  7V 

T 16.0^ 


6 PERCENT  HEIGHT 
RMS  - 0.275V 

T - 18.6% 


20  PERCENT  HEIGHT 
RMS  = 0.092V 
7 7.3% 


Figure  118.  Hot  Film  Anemometer  Output  - Typical 
Oscilloscope  Trace. 
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Figure  119.  Test  Series  C - Effect 
of  Inlet  Turbulence. 


Figure  120.  Effects  of  Turbulence  on 
Nozzle  Performance 
(Configuration  2). 
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Figure  121.  Test  Series  D - Con-  Figure  122. 
figuration  2 - Effect 
of  Stator  Inlet  Boundary 
Layer. 


Test  Series  D - Con- 
figuration 2 - w Mid- 
passage Versus  Radius 
Versus  Boundary  Layer 
Based  on  8°  Circumferen- 
tial Surveys. 
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A method  to  show  the  effect  of  inlet 
boundary  layer  thickness  on  nozzle 
efficiency  was  sought,  and  a graph  of 
efficiency  decrement  as  a functlor 
blockage  plate  height  was  made  as 
shown  in  Figure  12A.  There  is  a 
definite  trend  shovm  for  three  dis- 
tinct cases  that  the  Increase  in  inlet 
boundary  layer  decreases  the  nozzle 
efficiency  by  differing  amounts,  de- 
pending on  the  magnitude  and  location 
of  the  blockage. 

TEST  SERIES  E AND  F - E:  EVALUATION 

OF  STATOR  EXIT  FLOW  DISTORTION  AND 
SIMULATED  LABYRINTH  SEAL  LEAKAGE  ON 
ROTOR  CASCADE  PERFORMANCE 
F:  EVALUATION  OF  SECOND  ROTOR  LOADING 

Figure  123.  Test  Series  D - Con-  Test  Objectives 
figuration  4 - Effect 

of  Stator  Inlet  Flow  The  test  objectives  of  these  two  se- 
Distortion.  quences  were;  (1)  to  determine  the 

performance  effect  of  stator  exit 

flow  distortion  conditions  and  seal  leakage  on  the  rotor  using  the  m.omentum 
transfer  method  and  traverse;  and  (2)  to  determine  the  performance  effects 
of  rotor  blade  loading  as  designed  to  the  vector  diagrams  of  Phase  I. 

Tests  13  through  15  established  the  base  performance  of  the  actuator  nozzle, 
and  Tests  16  through  18  determined  the  effects  of  distortion  on  the  rotor. 
Test  18  was  repeated  as  18A  with  a simulated  seal  leakage  of  0 to  10  per- 
cent of  the  main  stream  flow  bypassed  around  the  actuator  stator.  A second 
rotor  blade  loading,  biased  to  the  suction  side,  was  evaluated  in  Test  19. 

Test  Results 

A summary  of  the  test  results  is  given  in  Table  15.  The  table  shows  that 
the  losses  Increased  in  the  following  order: 

1.  High  velocity  on  the  inner  wall. 

2.  High  velocity  on  the  outer  wall. 

3.  Increasing  loss  as  a function  of  seal  leakage  flow. 

A corresponding  decrement  in  efficiency  due  to  each  parameter  variation  is 
provided  and  ranges  from  1.8  to  6.0  points. 
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The  efficiency  of  the  stator  cascade 
was  determined  without  reliance  on 
survey  probe  data  by  applying  the 
momentum  transfer  principle  of  loss 
measurement  as  described  previously. 

The  actuator  stator  performance  was 
determined  from  survey  and  momentum 
methods  and  was  found  to  produce  the 
desired  rotor  relative  characteristics. 
The  measured  angle  distribution  Is 
shown  In  Figure  125. 
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In  a similar  manner,  the  effect  of 
loading  distribution  on  the  rotor  was 
determined  in  Test  .Series  F.  Re- 
ference to  Table  15  and  comparing  the 
corrected  torque  on  configurations 
with  a pressure  side  loading  and  suc- 
tion side  loading  shows  that  torques 
on  the  SLR  rotor  are  0.9  percent 
higher  than  those  on  the  PLR  rotor. 

crement  as  a Function 

of  Blockage  Plate  height . Seal  leakage  was  varied  from  0 to  10 

percent  main  flow.  The  effect  on 

the  rotor  is  also  shown  In  Table  15.  In  this  case,  7 percent  of  the  main 
stream  flow  bypassed  the  nozzle  and  entered  the  rotor.  The  change  in 
rotor  efficiency  amounted  to  a loss  of  6 points.  This  Is  an  equivalent  In 
stage  performance  of  nearly  one  point  for  each  percent  bypass  leakage 
across  the  nozzle. 


BLOCKAGE  PLATE  HEIGHT,  % of  passage 

Figure  124.  Nozzle  Efficiency  De- 


TEST  SERIES  G:  EFFECT  OF  COOLING  AND  SOLIDITY  ON  STATOR  PERFORMANCE 

Test  Objective 

The  effects  of  solidity  and  cooling  injection  on  the  performance  of  the 
nozzle  were,  primarily,  determined  from  the  momentum-transfer  system. 

Inlet  conditions  were  set  on  the  nozzle  to  produce  the  approximate  design 
exit  Mach  number  and  this  Mach  number  was  maintained  constant  with  and  with- 
out cooling  injection. 

Test  Results 


The  test  results  of  the  entire  test  series  C are  summarized  In  Figure  126. 
Efficiency  change  from  the  nominal  nozzle  to  efficiency  with  cooling  in- 
jection or  nozzle  solidity  effects  are  plotted  as  a function  of  percent 
cooling  flow  to  primary  flow.  A curve  corresponding  to  Test  21  shows  the 
loss  in  efficiency  on  the  nozzle  as  a function  of  pressure  and  suction  side 
cooling  holes  only.  One  data  point  was  taken  to  simulate  a total  pressure 
side  and  suction  side  cooling  of  4.5  percent.  The  loss  in  efficiency  was 
shown  to  be  2.5  points. 
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TABLE  lA 

SUMMARY  OF  PRESSURE  LOSS  FOR  BOUNDARY  LAYER  AND  n.OW  DISTORTION 


Conf igurat Ion 

Ml 

M5 

’/  Traverse 

mm 

Baseline  Configuration  2 (Screen  1) 

0. 15 

1.20 

89.73 

— 

Inner  Wall  Baseline 

0.  14 

1 . 05 

85.65 

4.08 

Outer  Wall  Baseline 

0.29 

1.01 

86.20 

3.53 

Inner  and  Outer  Baseline 

0.17 

1.10 

86.84 

2.89 

Pipe  Flow  Blockage  Plates 

0.22 

0.995 

81.30 

8.43 

High  Velocity  Inner  Wall 

0.22 

0.93 

79.60 

10.13 

High  Velocity  Outer  Wall 

0.21 

0.90 

77.90 

11.83 

TABLE  15 

SUTIMARY  OF  EVALUATION  OF  STATOR  EXIT  FLOW  DISTORTION 
AND  LFJ\KAGE  EFFECTS  ON  ROTOR  CASCADE  PERFORMANCE 
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Figure  125.  Test  Series  E - Actu- 
ator Nozzle  Discharge 
Angle  at  12°  Circum- 
ferential Survey. 


Figure  126.  Test  Series  0 - The 

Effect  of  Cooling  and 
Solidity  on  Stator 
Performance . 


Test  22  evaluated  the  effect  of  tra 11 Ing-edge  cooling  clone.  In  this  case, 

3 percent  t rai ling-edge  cooling  was  ejected  from  ttie  nozzle.  The  loss  in 
efficiency  corresponded  to  less  than  one  percentage  point. 

Test  23  gives  the  effect  of  shroud  cooling  alone.  In  this  test,  three 
percent  of  the  mainstream  flow  was  used  for  cooling  the  shrouds.  Again, 
less  than  one  point  loss  in  efficiency  can  be  attributed  to  shri ud  cooling. 

Test  2A  gives  the  combined  effect  on  the  nominal  nozzle  with  shroud  cooling, 
trailing-edge  cooling,  suction  side  cooling,  and  pressure  side  cooling.  It 
may  be  noted  that  the  loss  with  combined  cooling  Is  less  than  the  loss  for 
the  individually  Injected  cooling  flows.  This  result  mav  be  attributed  to 
the  possible  maldistribution  of  the  Individual  flows  as  compared  to  the  re- 
distribution of  combined  cooling  flow  and  main  flow  causing  a beneficial  net 
^ effect  on  the  flow  field. 

Test  24B  gives  the  combined  effect  of  a reduction  of  20  percent  in  nozzle 
solidity  and  the  total  cooling  effects.  A 20-percent  reduction  In  nozzle 
solidity  alone  results  In  a 3.8-polnt  loss  In  efficiency.  As  the  cooling 
flow  was  Increased  from  0 to  10  percent,  a minor  Increase  in  efficiency 
occurs  on  the  reduced  solidity  nozzle  configuration.  This  can  be  attri- 
butable to  a pressure  to  suction  side  cross  flow  occurring  at  zero  percent 
cooling  flow.  In  any  case,  the  Increase  appears  to  be  within  experimental 
accuracy.  The  additional  downstream  suction  side  cooling  holes  resulted  In 
further  decreases  In  nozzle  efficiency.  At  a total  cooling  flow  of  6 per- 
cent, the  decrement  amounts  to  about  1.4  percent  loss  In  efficiency. 
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TKST  SKRIKS  11 


RFKECT  OF  STATOR  COOl.IMG  ON  TWO  ROTOR  SOI.IDITTFS  AND  AXIAL 
SPACING 


Test  Ob] ect ive 

The  test  objective  on  this  series  was  to  evaluate  the  effect  of  stator 
cooling  flow  injection  losses  on  two  rotor  solidities  and  also  to  evaluate 
the  effect  of  axial  spacing  between  the  no7zle  and  the  rotor  on  the  per- 
formance of  the  rotor. 

Test  I'odif  icat  ion 

The  actuator  nozzle  used  in  this  test  series  duplicates  the  relative  inlet 
velocity  vector  to  the  rotor.  The  actuator  was  initially  baseline  tested 
in  Test  No.  13.  In  Test  Series  H,  the  actuator  was  reinstalled  with  cool- 
ing lioles  opened  and  a series  of  cooling  flows  were  then  evaluated  as  to 
their  effect  on  rotor  performance.  A test  rotor  with  a nominal  solidity 
was  also  installed  in  the  locked  position.  The  axial  spacing  between  the 
nozzle  and  rotor  was  then  increased  100  percent  over  design  value,  and  the 
tests  were  repeated.  In  a similar  manner,  an  alternate  rotor  solidity  was 
also  evaluated.  The  test  seouence  consisted  of: 

Test  No.  25  - With  slave  rotor  in  place,  the  total  cooling 
flow  rate  was  varied  in  four  steps,  from  0 
to  50  percent  over  maximum,  and  surveys  were 
taken  at  the  nozzle  exit. 

Test  No.  26  - With  the  design  rotor  in  place  of  the  slave. 

Test  No.  25  w'as  repeated. 

Test  Mo.  27  - The  nominal  rotor  was  replaced  bv  a 30  percent 
reduced  solidity  rotor,  and  Test  No.  25  was 
repeated  at  nominal  and  zero  cooling  flow  onlv. 

Test  No.  28  - The  axial  space  between  the  stator  trailing  edge 
and  the  rotor  leading  edge  was  Increased  by  100 
percent,  and  Test  No.  25  was  repeated  at  nominal 
and  zero  cooling  flows. 

Test  Resul ts 

The  effect  of  total  cooling  flow  on  tlie  actuator  performance  is  given  in 
Figure  127.  There,  nozzle  efficiency  as  a function  of  percent  cooling  to 
[>rimary  flow  is  given  as  evaluated  from  momentum  transfer  system  data. 

Plane  efficiency  of  the  actuator  nozzle  at  the  mean,  design,  inlet  relative 
Mach  number  fO.65)  is  95  percent  and  agrees  with  predicted  values.  In- 
creases in  cooling  flow  result,  Inltlallv,  in  almost  a linear  decrease  in 
t^fflciency.  Figure  128  shows  the  effects  of  increased  axial  spacing  and 
reduced  rotor  solidity  as  a function  of  cooling  flow  for  the  actuator 
nozzle.  Data  is  presented  in  terms  of  momentum  torque  changes  which  ap- 
proximate efficiency  loss. 
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PE  HCENT  COOLING  FLOW  TO  PRIMARY  FLOW 

Figure  127.  Test  Series  H - Ef- 
fect of  Total  Cooling 
on  Actuator  Performance. 
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Figure  128.  Test  Series  H - Effect 
of  Axial  Spacing  and 
Solidity  on  Rotor  Per- 
formance . 


A performance  comparison  of  the  design  rotor  with  no  cooling  flow  and  an 
increased  axial  spacing  between  the  nozzle  and  rotor  from  0.25  inch  to  0.55 
inch  shows  a loss  in  efficiency  of  2 percent.  As  cooling  flow  is  Increased, 
the  effect  becomes  more  significant,  and  larger  Increases  in  performance 
loss  may  be  noted  at  higher  cooling  flows.  This  effect  is  approximately 
doubled  with  a cooling  flow  of  roughly  7 percent  of  the  total  primary  flow. 

With  no  cooling  flow,  the  effect  of  reducing  the  rotor  solidity  by  30  per- 
cent is  to  decrease  the  torque  by  four  points  as  obtained  from  momentum 
transfer  data  (Figure  128).  This  test  data  indicates  that  the  selection  of 
rotor  solidity  for  design  from  the  ASATT  turbine  is  near  optimum. 

Additional  testing  was  conducted  on  the  reduced  solidity  rotor  to  evaluate 
the  effects  of  cooling  flow  in  Test  No.  27.  It  may  be  noted  that  as  cooling 
flow  is  Increased,  the  performance  fall-off  increases  substantially.  The 
fall-off  on  the  reduced  solidity  rotor,  however,  is  smaller  than  the  fall- 
off  on  the  design  rotor,  indicating  a sensitivity  to  cooling  flow  injection 
wlien  maximum  performance  is  desired. 

Cascade  Data  Evaluation 


Phase  II  test  effort  consisted  of  an  evaluation  of  the  parameters  which 
would  have  an  Impact  on  the  ASATT  full  round  turbine  design.  Test  series 
A,  which  evaluated  the  meridional  wall  constriction  on  the  nozzles,  results 
in  an  optimum  wall  section  of  Configuration  2,  which  has  a contoured  outer 
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wall  and  a cylindrical  wall.  The  te.st  efficiency  with  the  nominal  .screen 
was  con! Irmed  at  89.1,  which  is  close  to  design  values.  Test  series  B 
confirmed  that  the  performance  could  still  be  met  at  the  design  Mach  number 
of  1.24.  Test  series  C shoved  that  there  was  a major  effect  of  turbulence 
intensity  on  stator  performance;  however,  this  is  a parameter  which  was 
again  investigated  in  the  full-round  Phase  III  testing  reported  in  the  next 
section.  In  a similar  fashion,  the  stator  boundary  layer  effects  were 
evaluated  in  the  full-round  and  cross-correlated  between  cascade  Information. 
The  nozzle  and  rotor  solidity  tests  on  the  cascade  verified  that  the  load- 
ings were  approximately  correct;  therefore  the  number  of  nozzle  vanes  and 
the  number  of  rotor  blades  can  be  maintained  the  same  as  Initially  designed. 

A major  impact  of  the  Phase  II  testing  comes  from  the  discharge  surveys 
from  the  nozzle  test  and  the  static  pressure  distributions  that  were 
measured  at  the  hub  on  the  suction  side.  These  surveys  Indicated  a definite 
separation  In  this  region  resulting  In  high  underturning  In  the  hub  of  the 
nozzle.  The  nozzle  profile  selected  for  Phase  II  testing,  consisted  of  a 
constant  section  from  hub  to  tip,  primarily  from  simplicity  of  manufacture. 

As  a result  of  the  test  information  showing  high  losses  in  the  tip  and 
completely  separated  flow  In  the  hub  sections,  the  Phase  II  nozzle  was 
redesigned  for  the  Phase  III  effort. 

Since  most  of  the  test  information  on  the  rotor  design  showed  that  ob- 
jectives were  met,  the  rotors  of  Phase  II  were  preserved  for  Phase  HI 
testing. 
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CONCLUSIONS 


Thirty-eight  tests  were  conducted  on  the  nozzle  cascade  and  rotor  cas- 
cade combinations.  Seven  of  these  tests  were  rerun,  which  brought  the 
total  test  time  to  over  200  hours.  Eight  major  sequences  in  testing 
were  conducted  to  accomplish  the  program  objective  as  described  in  the 
Statement  of  Work.  These  test  series  A through  H are  described  below 
with  the  conclusions  and  test  results. 

TEST  SERIES  A - EVALUATION  OF  MERIDIONAL  CONSTRICTION  ON  NOZZLES 

Four  wall  configurations,  including  cylindrical  walls,  were  tested  over 
a range  of  Mach  numbers.  Inlet  conditions  were  fixed  by  a nominal  screen 
which  produced  an  average  turbulence  intensity  of  about  3.7  percent. 
Approximate  test  inlet  Reynolds  number  was  650,000.  Test  data  was  ob- 
tained with  tlie  momentum  transfer  system  and  survey  information  at  inlet 
and  exit  to  the  nozzles.  !he  nozzle  efficiencies  obtained  for  the  four 
meridional  wall  configurations  are  as  follows: 

Test  No.  1 - Cylindrical  walls  produced  a nozzle  efficiency  of  83.5 
percent . 

Test  No.  2 - Contoured  outer  wall  and  a cylindrical  inner  wall  pro- 
duced a nozzle  efficiency  of  89.1  percent. 

Test  No.  3 - Contoured  outer  wall  and  inner  wall  variation  No.  2 pro- 
duced a nozzle  efficiency  of  83.3  percent. 

Test  .No.  A - Contoured  outer  wall  variation  No.  2 and  a cylindrical 

inner  wall  produced  a nozzle  efficiency  of  85.9  percent. 

Survey  data  indicated  that  the  highest  losses  were  incurred  through  the 
use  of  cylindrical  walls.  The  highest  efficiency  was  obtained  by  wall 
configuration  2,  which  has  a meridional  constriction  on  the  outer  wall  and 
a cylindrical  inner  wall.  The  efficiency  of  configuration  2 was  slightly 
higher  than  the  design  value  of  87. A percent.  Blade  loading  diagrams  at 
the  midpassage  showed  that  design  requirements  were  achieved. 

However,  static  pressure  data  on  the  inner  and  outer  walls  along  with  sur- 
vey information  indicated  that  wall  losses  were  still  high,  and  there  was 
a definite  indication  of  separation  in  the  hub  region.  It  is  concluded, 
based  on  the  combination  of  survey  data,  static  pressure  distributions,  and 
the  momentum  transfer  system  data,  that  underturning  does  occur  in  the  hub 
region  due  to  the  separated  flow. 


TKST  SEKIKS  B - EFEKCT  OF  STATOR  MACH  NUMBER  ON  LOSSES 


The  best  wall  configurations  of  test  series  A were  rig  evaluated  over  a 
range  of  Mach  numbers.  Stator  exit  Mach  number  was  varied  from  0.9  to 
1.4  on  wall  configurations  2 and  4.  The  efficiency  on  both  configurations 
increased  with  increasing  Mach  numbers  to  a limiting  value.  Configuration 
4 appeared  to  peak  out  in  efficiency  at  a Mach  number  of  1.15,  whereas 
configuration  2 showed  increasing  efficiencies  to  a Mach  number  of  1.4. 

The  design  point  Mach  number  for  the  stator  is  1.24.  This  set  of  results 
showed  that  conf iguration  2 was  the  optimum  meridional  constriction  of  the 
four  geometries  tested  and  produced  an  efficiency  of  over  90  percent. 

TEST  SERIES  C - EFFECT  OF  INLET  TURBULENCE  INTENSITY  ON  STATOR  PERFORMANCE 

Turbulence  Intensity  on  the  nozzle  configurations  was  varied  by  a change 
in  screens  at  the  inlet.  Two  screens  were  used:  (1)  a low- Intensity  40 

mesh  by  0.012  inch  diameter,  to  produce  a turbulence  intensity  of  3.7  per- 
cent; and  (2)  a 14-mesh  by  0.020- inch  diameter  turbulence  screen,  to  pro- 
duce an  average  turbulence  intensity  of  11  percent.  The  low-intensity 
screen  produced  the  nearly  expected  value  of  3.7  percent  near  mid-channel, 
whereas  screen  two  produced  somewhat  less  turbulence  than  expected.  The 
intensity  showed  a strong  dependence  on  Reynolds  number  near  the  walls, 
whereas  the  turbulence  intensity  at  mid-span  varied  very  little  as  a func- 
tion of  the  average  inlet  Reynolds  number. 

Wall  configuration  2 was  tested  with  both  screens  and  showed  a significant 
efficiency  fall-off  with  increasing  turbulence  intensity.  Based  on  sur- 
vey and  momentum  transfer  system  data,  the  stator  loss  is  nearly  doubled, 
with  11  percent  turbulence  intensity  as  compared  to  the  screen  producing 
3.7  percent  turbulence  intensity  when  tested  at  a nozzle  exit  Mach  number 
of  1.18.  An  accurate  assessment  of  turbine  performance  should,  therefore, 
not  only  include  the  nozzle  performance  decrement  due  to  turbulence  inten- 
sity, but  the  transfer  of  the  effect  to  the  rotor  and  the  decrement  on 
the  rotor  Itself. 

TEST  SERIES  D - EFFECT  OF  STATOR  BOUNDARY  LAYER  AND  DISTORTION  ON  PERFORM- 
ANCE 

The  inlet  boundary  layer  in  configuration  2 was  biased  to  the  outer  wall 
and  also  to  the  inner  wall  by  using  blockage  plates  located  at  the  plane 
of  the  distortion  screen.  The  inlet  velocity  biasing  followed  the  bound- 
ary layer  increase  bias;  that  is,  an  inner  wall  boundary  laver  Increase 
produced  an  inner  span  velocity  decrease,  and  a similar  effect  occurred  in 
the  tip.  Both  boundary  layer  biases  substantially  increased  losses  over 
the  uniform  flow  conditions.  The  use  of  a 9-percent  span  plate  on  the 
inner  wall  produced  a decrement  in  efficiency  of  4.1  percent  based  on  sur- 
vey data.  Similar  usage  of  a boundary  plate  on  the  outer  wall  produced  a 
decrement  of  3.5  percent. 


TEST  SERIES  E - EVALUATION  OF  STATOR  EXIT  FLOW  DISTORTION  AND  SIMULATED 
LABYRINTH  SEAL  LEAKAGE  ON  ROTOR  CASCADE  PERFORMANCE 

Inlet  velocity  to  the  cascade  was  distorted  in  a similar  manner  to  test 
series  D except  larger  blockage  plates  were  used.  In  this  case,  an  actu- 
ator nozzle  was  used  to  simulate  the  entrance  conditions  to  the  rotor. 
Biasing  the  velocity  to  either  high  inner  wall  or  high  outer  wall  de- 
creased the  torque  produced  on  the  momentum  transfer  system  by  values 
corresponding  to  a loss  of  1.8  to  4.4  percent  in  efficiency.  The  effect 
of  imposing  a high  velocity  on  the  inner  wall  on  the  actuator  reduced 
rotor  efficiency  by  1.8  percent.  The  effect  of  high  velocity  on  the  outer 
wall  produced  an  even  higher  loss  in  performance  of  4.4  percent  in  effici- 
ency . 

The  seal  leakage  or  flow  bypassing  the  nozzle  but  entering  the  rotor  was 
varied  from  zero  to  10  percent  main  flow.  This  resulted  in  an  equivalent 
loss  in  stage  performance  of  nearly  1 percent  for  each  percent  in  bypass 
leakage  across  the  nozzle. 

TEST  SERIES  F - ROTOR  LOADING  EFFECTS 

The  pressure-side-loaded  rotor  of  test  series  E was  replaced  with  a suc- 
tion side- loaded  rotor.  Torque  measurements  on  the  two  rotor  cascades 
showed  the  SLR  rotor  to  be  higher  than  the  PLR  by  0.9  point.  These  tests 
were  conducted  with  the  actuator  nozzle  which  simulates  the  design  rela- 
tive angle  into  the  blades  (Figure  69).  This  cascade  was  lightly  loaded 
and  provided  a uniform  flow  into  the  blade  row.  If  the  two  rotor  con- 
figurations were  unequally  sensitive  to  entrace  flow  imperfections,  this 
indicated  performance  advantage  could  have  been  negated. 

TEST  SERIES  G - EFFECT  OF  COOLING  AND  SOLIDITY  ON  STATOR  PERFORMANCE 

Stator  efficiency  decreases  with  any  Increase  of  cooling  flow  for  a given 
Mach  number.  The  nominal  nozzle  showed  a 3.5-point  decrease  in  effici- 
ency with  a 12— percent  total  cooling  flow  as  shown  in  Figure  126.  Effici- 
encies are  given  in  terms  of  a ratio  of  total  energy  output  to  total  ener- 
gy input  of  all  the  flow.  When  the  nozzle  solidity  was  reduced  20  percent, 
the  efficiency  loss  varied  from  2 to  4 percent  with  total  cooling  flows  of 
4 to  8 percent  of  main  flow  at  the  inlet.  Trailing-edge  cooling  produced 
the  lowest  decrement  in  performance. 

TEST  SERIES  H - EFFECT  OF  STATOR  COOLING  ON  TWO  ROTOR  SOLIDITIES  AND  AXIAL 
SPACING 

The  base  efficiency  of  the  actuator  nozzle  at  design  relative  Mach  number 
was  95  percent  with  no  cooling  and  agrees  with  predicted  values.  Increas- 
es in  cooling  flow  decrease  the  performance  in  an  almost  linear  fashion. 
This  effect,  when  transferred  to  the  rotor,  for  example,  shows  a loss  in 
efficiency  of  5.5  percent  when  8 percent  total  cooling  flow  was  used  on 
the  nozzle. 


■ffin  t ot  in<-reasinK  the  axial  spacing  between  the  stator  and  rotor 
' rease  the  efficiency.  Two  percent  In  nozzle  efficiency  was  lost 

: ’ ing  the  axial  spacing  from  0.25  inch  to  0.55  inch.  When 

n-.‘  flow  is  iniected,  a parallel  curve  is  obtained  for  efficiency  dec- 
nf  with  cooling  flow.  The  effect  of  reducing  rotor  solidity  by  30 
■t;;  resulted  in  a reduction  of  efficiency  of  2 percent.  This  Indi- 
that  the  rotor  solidity  selection  for  the  ASATT  turbine  was  near 
ind  will  be  maintained  for  the  Phase  III  design  effort. 
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PHASE  III  - STAGE  I.WEST  IGATinN 


The  high-work,  single-stage,  cooled  turbine  designed  in  Phase  T was  in- 
vestigated in  a full-round  stage  configuration  using  the  cold-flow  tur'  Ine 
test  facility.  A test  program  was  devised  to  investigate  the  effects  of: 

1.  Rotor  blade  aerodynamic  loading 

2.  Rotor  solidity 

3.  Rotor  axial  spacing 

A.  Leakage  past  the  nozzle 

5.  Inlet  boundary  layer 

6.  Inlet  distortion 

7.  Cooling  flow 

8.  Reynolds  number 

on  overall  performance.  Separate  tests  defined  the  nozzle  performance  so 
that  stator  and  rotor  performance  could  be  separated.  Tests  were  also 
performed  to  identify  and  quantify  the  bearing,  windage  and  seal  losses  so 
that  the  parasitic  losses  could  be  separated  from  the  turbine  performance 
and  thus  permit  an  evaluation  of  the  aerodynamic  performance  of  the  turbine. 

OBJECTIVE 


The  objective  of  the  Phase  III  effort  was  to  investigate  the  performance  of 
the  turbine  in  a stage  configuration.  The  baseline  aerodynamics  of  the 
Phase  I turbine  design  were  modified  based  on  the  results  of  the  Phase  II 
testing.  The  effects  of  inlet  flow  field  distortion,  blade  loading, 
leakage  and  nozzle-rotor  cooling  on  performance  were  also  Investigated  in 
the  Phase  III,  stage,  configuration. 

TURBINE  STAGE  DESIGN  AND  INSTRUMENTATION 


The  Phase  II  nozzle  cascade  tests  indicated  overturning  near  the  tip  and 
underturning  as  a result  of  flow  separation  at  the  inner  wall  region. 

Also,  tests  of  various  meridional  nozzle  restriction  configurations  Indi- 
cated that  configuration  2 yields  the  best  performance  under  the  ASATT 
operating  conditions.  This  background  and  additional  consideration  given 
to  aero-loading  parameters,  solidity  correlations  and  limit  loading  of 
transonic  vane  shapes,  led  to  the  Phase  III  nozzle  airfoil  and  flow  path 
designs . 

Figure  129  shows  a two-dimensional  construction  of  the  mean  section,  listing 
the  coordinates  for  both  the  suction  and  pressure  surfaces  of  the  Phase  III 
vane.  This  is  identical  to  the  Phase  II  stator  except  for  the  change  in 
pressure  side  coordinates  and  the  radial  stagger  angle  distribution. 

The  hub  stagger  angle  determined  provided  a throat  angle  of  71.5  degrees. 

The  solidity  and  discharge  angle  results  in  the  geometry  being  close  to 
minimum  loss.  The  pressure  surface  was  tailored  to  allow  for  the  Increase 
in  throat  angle  and  to  decrease  the  ungulded  turning  from  6 degrees  to  3 
degrees . 
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The  tip  stagger  angle  was  decreased 
to  yield  a throat  angle  of  6fl°,  and 
like  the  hub,  it  has  3 degrees  of  un- 
gulded  turning  along  the  suction  sur- 
face . 


The  cooling  hole  goemetry  for  the 
Phase  III  stator  Is  shown  In  Figure 
130.  Compared  to  the  Phase  I hot 
flow  path  design  (Figure  59),  this 
hole  geometry  Is  considerably  simpli- 
fied on  the  Phase  ITT  cold  flow  tur- 
bine rig.  Since  heat  transfer/struc- 
tural life  studies  are  not  the  princi- 
pal areas  of  Investigation  in  this 
rig,  simulation  of  the  coolant  injec- 
tion may  be  achieved  through  a single 
set  of  gill  slots  positioned  mid-chord 
on  the  pressure  surface  side  of  the 
vanes.  This  change  in  coolant  injec- 
tion distribution  In  view  of  Phase  II 
results  is  considered  to  have  minimal 
effect  on  overall  turbine  performance, 
and  will  provide  the  basic  data  on  vane  coolant  flow  effects  at  a signifi- 
cantly reduced  prototype  acquisition  cost.  The  supply  holes  were  FDMed 
straight  through  each  stator,  maintaining  a minimum  wall  thickness  of  0.030 
inch. 


Figure  129. 


Phase  III  Stator  Air- 
foil Section  Coordi- 
nates. 


The  three  rotor  blade  shapes  tested  in  the  Phase  II  cascade  were  chosen  to 
be  tested  in  the  full-round  rotating.  Phase  III,  rig.  The  blades  were 
generated  using  the  same  mylars  as  the  Phase  II  blades,  since  no  significant 
defects  were  noted  from  the  Phase  II  testing.  The  three  shapes  were  de- 
signed to  demonstrate  the  effects  of  loading  and  solidity  on  blade  effi- 
ciency. The  test  variations  Included: 

1.  Nominal  solidity  (s/Cx  = 0.734)  pressure-side  loading. 

2.  Nominal  solidity  (s/Cx  ■=  0.734)  high  suctlon-slde  loading. 

3.  Low  solidity  (s/C^  = 0.587)  high  pressure-side  loading. 

The  three  rotors  were  designed  to  perform  the  same  work  output  (l.e.. 
Identical  velocity  triangles)  so  that  any  efficiency  differences  determined 
from  testing  will  be  a result  of  the  flow  field  effect  on  the  viscous  losses 
and  fluid  turning.  Two  of  the  three  rotors,  with  nominal  solidity,  were 
fabricated  with  pressure-side  slots  for  cooling  air  Injection  (Figure  131). 
The  departure  from  the  trailing-edge  holes  as  originally  designed  In  the 
Phase  I effort  was  necessary  due  to  the  manufacturing  limitations  hereto- 
fore not  addressed  for  a machined  blade.  Casting  the  Internal  geometry  of 
the  Phase  I design  permitted  the  use  of  tralllng-edge  holes.  However,  for 
a prototype  wheel,  cast  blades  were  cost-prohlbltlve,  and  the  tolerances 
Imposed  by  the  machining  process  renders  tralllng-edge  holes  Impractical. 
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3.144  IN.- 
REF. 


2.666  IN. 
REF 


NOTE  reference  PLANE  INTERSECTS  ENGINE  CENTER  LINE  AND  IS  PE RPENOICULAR 
TO  RADIAL  VANE  STACKING  LINE 


Figure  130.  Cooling  Flow  Slot  Definition  for  Phase  III  Nozzle  Vanes. 


As  a result,  the  coolant  flow  injection  is  simulated  by  a single  set  of 
slots  at  about  mid-chord  on  the  pressure-side  of  the  blade.  Compared  to 
the  hot  Phase  I coolant  flow  path  through  the  blade  (Figure  61),  this  is 
^ less  torturous  with  the  impingement  cooled  leading  edge  and  two  pass  radial 

flow  not  duplicated.  This  change  in  Internal  flow  path,  like  the  vane,  is 
considered  minimal  in  terms  of  its  effect  on  turbine  performance.  To  in- 
vestigate the  validity  of  pressure-side  injection,  as  opposed  to  trailing 
edge,  a cursory  heat  transfer  analysis  was  performed.  The  results  indicate 
that  a trade-off  exists  between  the  temperature  gradients  and  stress  levels 
in  the  blade  tralllng-edge  region.  The  pressure-side  cooling  yields 
slightly  higher  metal  temperatures  at  the  trailing  edge  but  lower  stresses 
due  to  the  absence  of  stress  concentration  around  the  traillng-edge  holes. 
The  combination  of  higher  temperature  and  lower  stress  results  in  approxi- 
mately 10  percent  greater  margin  at  750  hr  stress  rupture  life. 


1A5 


0.596  IN. 


Figure  131(a).  Test  4.0  - Determination  of  Cooling  Flow  Losses  on  a 
Nominal  PLR  Turbine. 


SECTION  J-J 


Figure  131(b).  Cooling  Flow  Slot  Definition  for  Phase  TIT  Rotor  Blade 


TURBINE  RIG  DESIGN 


A cross-section  of  the  turbine  rig  is  shown  in  Figure  1'5?.  "he  ;..i- 
numbers  are  listed  and  some  of  the  pertinent  instrumentation  i.  • 
Basically,  the  turbine  rig  consists  of  the  following  laiiior  asse-'  : :e; 

1.  The  transition  housing  adapts  the  nozzle  inlet  housing  t i 
test  stand  plenum.  It  contains  four  hollow  support  strut 
supply  nozzle  bypass  air  to  the  rotor  dish  for  labyrinth 
leakage  simulation. 

2.  The  nozzle  air  inlet  housing  contains  twenty  vanes  designe;'  • 
produce  the  desired  air  angle  distribution  and  pass  corre  ' 
flow.  It  has  twenty-eight  surface  static  pressure  taps 

into  the  housing  with  connections  at  flange  periphery  as 
in  Figure  133.  Secondary  supply  feeds  simulate  : cooling  > ■ • 
the  vanes. 

3.  The  exhaust  duct  housing  contains  discharge  surface  static 

pressure  taps  on  the  inner  wall.  It  has  four  support  &tr':t 
that  feed  the  inner  body  instrumentation  to  the  exterior  ' 
for  quick  assembly  and  turnaround.  It  also  co  _ u:  *he 

supply  line  for  simulated  rotor  cooling  air.  A carbon  f.;  > 
seal  interfaces  with  the  rotor  air  supply  cavity.  ‘he  re  ir 
flange  mates  with  the  facility  exhaust  piping. 

4.  The  turbine  wheels  (Figure  134)  fit  a common  hub  so  that 
changing  the  wheel  for  a different  test  configuration  require 
only  that  the  exhaust  duct  be  removed.  The  hub  is  bolted  t^  i • 
two-bearing  shaft  assembly  which  drives  a water  brake  dyna 
mometer.  A pressurized  oil  system  provides  oil-mist  lubrlca 
tion  for  the  conrad  type  ball  bearing  and  roller  bearing  using 
impingement  on  the  bearing  races. 

Turbine  rotor  blade  tip  clearance  was  monitored  using  four  contact  t ’pi 
electrical  circuits,  exposed  at  different  heights  (0.004,  0.006.  O.t'c- 
0.010)  and  equally  spaced  around  the  turbine  outer  shroud.  The  .-■In'-  . 
running  clearance  was  estimated  to  be  0.012  in. 

A critical  speed  analysis  was  performed  on  the  turbirp  rig  sKift  svs' 

The  analysis  utilizes  a matrix  solution  for  the  criti.':  speeds  and 

natural  frequencies  of  shaft  systems,  considering  bending  and  shear 
mount  flexibility,  inter-shaft  connnections , and  gyroscopic  effects 
attached  disks.  The  rotor  is  modeled  by  a series  of  disks  connected  f>\ 
sections  of  elastic,  massless  beams.  A set  of  linear  equations,  relat;' 
deflection,  slope,  moment,  and  shear,  is  generated  in  a manner  simil.ir  ■ 
the  Holzer  method.  With  this  set  of  equations  and  ttie  boundary  condlli 
taken  as  free-free,  a determinant  is  defined  wi'.ich  i -anish  .it  - 
frequency.  Relative  deflection,  slope,  moment  're  ■ -n  ' o< 
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Figure  132.  ASATT  Phase  III  Turbine  Rig. 


(c)  DISCHARGE  VTI’V; 


FiKure  133.  Nozzle  Inlet  Housinn  - 604625. 
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(INLET)  (DISCHARGE) 

(c)  NOMINAL  SOLIDITY  SUCTION  - SIDE  LOADED  PN604674 


Figure  134.  Rladed  Rotor  Tonf 1 gurat ions . 
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lor  each  frequency. 


Figure  135  shows  the  results  of  the  critical  speed  analysis  plotted  para- 
metrically, with  critical  speed  as  a function  of  the  bearing  spring  rate. 
The  ball  bearing  chosen  has  a spring  rate  of  approximately  10^  lb-in.  It 
may  be  noted  that  if  both  bearings  have  spring  rates  of  105  (K1  = K2  = 
100,000  lb-in),  the  first  critical  occurs  at  14,000  rpm  and  the  second 
critical  at  33,000  rpm.  The  required  operating  speed  of  the  rig  is  from  60 
to  110  percent  design  speed  or  18,500  rpm  to  34,000  rpm.  Since  34,000  rpm 
is  too  close  to  the  second  critical,  the  spring  rate  of  K1  was  increased 
to  10^  by  using  a roller  bearing  in  place  of  the  ball  bearing.  The  in- 
creased spring  rate  did  not  appreciably  change  the  speed  location  of  the 
first  critical;  however,  the  second  critical  was  moved  to  66,000  rpm,  well 
out  of  the  rig  operating  range. 

TEST  FACILITY.  INSTRUMENTATION.  AND  PRCjCEDURE 
TEST  FACILITY 

The  plant  air  supply  and  exhaust  system  are  comprised  of  five  centrifugal 
compressors  and  14  positive  d Isplacem.ent  vane  pumps  with  associated 
ducting,  heaters,  and  refrigeration  (Figure  136). 

Air  enters  from  atmosphere  and  passes  through  a series  of  oil  curtain  fil- 
ters to  remove  dust  and  airborne  particles.  Manifolding,  valving,  and 
intercoolers  allow  a wide  choice  of  compressor  flow  paths  from  a single  ram 
to  four  parallel  rams,  or  a set  of  series  rams,  or  any  combination  thereof. 
Each  compressor  is  capable  of  delivering  11  Ib/sec  airflow  at  a pressure 
ratio  of  1.33:1.  A stage  pair  will  provide  a 1.77:1  pressure  ratio  at  a 
slightly  lower  weight  flow. 

Inlet  and  discharge  valving  at  the  individual  test  cells  provides  the  test 
operator  with  pressure  and  flow  control  as  dictated  by  the  test  plan. 

Prior  to  conducting  the  cold  flow  turbine  rig  tests,  a series  of  tests 
are  conducted  to  determine  bearing  losses  and  disk  windage  losses.  These 
tests  are  run  by  driving  the  turbine  disk  with  an  air  turbine  torque  in- 
dicated by  using  an  In-line  rotary  torquemeter. 

The  power  absorption  for  the  ASATT  turbine  testing  is  provided  by  a water 
brake  dynamometer  Installed  as  shown  in  Figure  137.  The  reacted  torque  on 
the  brake  stationary  frame  is  measured  using  the  in-line  torquemeter. 

Readout  is  accomplished  using  an  electronic  digital  counter  at  the  test 
console.  The  signal  is  also  recorded  by  the  1800  DACS  (described  in  the 
Phase  II  Data  Acquisition  section). 

Various  power  absorption  levels  of  the  water  brake  dynamometer  are  avail- 
able at  particular  speeds  by  regulation  of  the  water  level  within  the  water 
brake  housing.  Control  is  achieved  by  opening  or  closing  the  valve  at  the 
inlet  to  the  water  brake.  Limits  of  power  and  speed  are  Imposed  by  the 
heat  absorption  characteristics  of  water  and  the  maximum  rotational  speeds 
allowable  for  the  bearings;  however,  all  required  points  fall  within  the 
limits  of  the  anticipated  turbine  operating  envelope. 
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Figure  136.  Turbine  Air  Flow  Facility  - F.nvlronmental  System  Supplies 
Conditioned  Air  to  Turbine  Test  Rigs,  and  Exhaust  System 
Provides  High  Turbine  Pressure  Ratios. 
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Figure  137.  Kahn  Water  Brake  Dynamometer  liistalled  In  the  Turbine  Test 
Facility. 
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INSTRrMI'NTATloN  AND  ACCTR/\CY 


The  instrumentation  requirements  for  the  Phase  III  turbine  rig  are  shown  in 
the  flow  path  sketch.  Figure  1T8.  The  various  Instrumentation  shown  in 


Figure  138  are 

listed 

by  station  location  as  follows: 

Station  1 

Inlet 

(4) 

Pti  St  Tqi  4 Element  Rakes 

(8) 

Psl 

(6) 

Hot  Film  Probes 

Station  2, 

Nozzle 

Instrumentation 

3,  4 

(20) 

Psl-2 

Nozzle  Exit  Survey  System;  Pq-,  « , Tq 

Station  5 

Rotor 

Exit 

(2) 

Rotor  Exit  Survey  Probes 

(8) 

Ps5 

(2) 

PSRF  Rotor  Front 

(2) 

PSRR  Rotor  Aft 

Station  6 

Exit  Duct 

(4) 

Pq^  4 Tj0  4 Element  Rakes 

(8) 

Ps6 

Cooling  Air  Circuits 

(2) 

PsN  Nozzle  Cooling 

(1) 

PsR  Rotor  Cooling 

(2) 

Tcn  Nozzle  Coolant 

(1) 

Tcr  Rotor  Coolant 

(2) 

Trp  Rotor  Front 

Miscellaneous 

(4) 

Tip  Indicators 

(4) 

Flow  Orifices  (main,  bypass,  nozzle,  coolant. 

rotor  coolant) 

(1) 

Air  Bypass  System 

(3) 

Actuator  Readout,  as  required,  in-line  torque 

measurement  system  (Hlmmelstein  Model  MCRT  2-04) 

Each  pressure 

has  an  Independent  measurement,  either  transducer  or  manome' 

Approximately  80  pressure  transducers,  and  12  manometers  and  40  thermo- 

couples  were  e 

mployed 

for  the  test  measurements. 

The  four  element  rakes 

for  pressure  and  temperature  measurements  at  the 

turbine  Inlet 

and  exit 

are  shown  in  Figure  139. 

The  pressure  transducers  and  thermocouples  were  calibrated  to  the  IBM  Data 
Acquisition  and  Control  system  before  each  test.  F.ach  pressure  transducer 
pressurized  In  steps  throughout  Its  range  of  operation  with  a Mensor  pres- 
sure controller.  Model  10095-00X  quartz  pressure  sensor.  The  DAC  system 
reads  and  records  each  pressure  data  point  and  generates  a slope  and  inter- 
cept type  calibration.  Each  transducer  is  then  check-calibrated  to  ensure 
accuracy  within  j^.25  percent  of  maximum  reading.  The  thermocouple  circuits 
are  calibrated  In  a similar  manner  to  within  +2°F  of  reading. 
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Assuming  that  during  testing  the  average  true  temperature  and  pressure  is 
within  these  calibration  bands,  an  estimate  may  be  made  of  the  uncertainty 
in  the  calculated  value  of  total-to-total  adiabatic  efficiency  (v).  This 
is  obtained  by  accumulating  the  potential  errors  due  to  each  measured  vari- 
able that  enter  into  the  efficiency  calculation  and  consists  of  the  follow- 
ing: 


V = 


Ti  - ly 


Tj  [1  - (I’y/Pj)'  ^ 


? <1 


? V 
? p. 


(t^)2  [1  - y ] 

= _ Zi  / Li\ 

Tj  [1  - (Py/I'j)(  1^  / y ] Ty  Ut,  ) 

(Ty/T^  - h (Py/pp  ^ Py 

(Pj)^  I 1 - (Py/Pj)  ^ ^ ■ ^yy]'^ 

(1  ^ Ty/Tt)(^)  (Py/P))  y • _ ^ 

(P^)  [1  - (Py/Pj)^  ^ y Py  \ ^ Pj 


Uncertainty 


Where  Sj 
Sp 


Potential  error  in  temperature  measurement 
+2° 

Potential  error  in  pressure  measurement 
+0.061  psld  (+0.25%  of  2A.6  psla) 


For  the  ASATT  turbine  rig  at  near  design  point  (4.0  pressure  ratio)  with 
inlet  pressure  and  temperature  of  24.6  psia  and  690°R,  the  above  yields  an 
uncertainty  of  +2.4  points  on  efficiency.  This  is  for  any  single  data  point 
and  is  reduced  by  averaging  the  results  of  a number  of  data  scans  at  the 
same  rig  operating  conditions  (Reference  48).  During  the  performance 
mapping,  each  data  point  is  actually  the  average  of  4 to  5 data  scans  with 
the  special  Interest  points  being  obtained  more  than  once.  This  reduces 
the  uncertainty  by  approximately  48  percent  to  +1.2  points  on  efficiency 
for  the  bulk  of  the  data  and  down  to  ^.7  point  at  design  point  and  other 
special  interest  data  points.  It  should  be  noted  that  the  above  uncer- 
tainties are  Increased  when  the  rig  is  operated  at  lower  pressure  and  tem- 
perature differentials  across  the  turbine  stage.  That  is,  with  the  same 
inlet  pressure  and  temperature,  rig  operation  at  a stage  pressure  ratio  of 
2.0  Increases  this  uncertainty  by  nearly  a factor  of  two. 
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FLOWMtASUHtMENTS 


Figure  138.  Schematic  of  Phase  III  ASATT  Turbine  Rig  Instrumentation 

The  inlet  turbulence  and  boundary  layer  velocity  profile  was  measured  with 
a constant  temperature  hot  film  probe  similar  to  the  Phase  II  measurements. 
The  probe  consists  of  a quartz-coated  platinum  film  sensor  on  a 0.002  inch 
glass  rod  (TSI  .Model  1210).  The  hot  film  probe  was  tunnel  calibrated  to 
500  ft /sec  velocity,  and  the  hot  film  voltage  was  normalized  to  standard 
pressure  (Voltage  P/ 8 

The  inlet  turbulence  intensity  v;as  determined  for  the  baseline  rotor  tests 
and  boundary  layer  effects  tests  using  the  procedure  developed  in  Phase  II 
with  the  hot  film  anemometer. 

TEST  PROCEDURE 

Airflow  was  Initiated  through  the  stand  piping  by  operation  of  the  vacuum 
pumps  located  in  the  exhaust  line.  The  supply  pressure  was  regulated 
using  the  ram  air  blowers  located  at  the  facility  inlet.  The  main  supply 
air  teniperature  level  was  modulated  by  electric  air  heaters  to  prevent 
icing  conditions  while  running  at  high  pressure  ratios.  Turbine  power 
output  was  absorbed  by  a Kahn  smooth  disk  water  brake  dynamometer.  Torque 
measurement  was  made  using  an  in-line  torquemeter  with  integral  speed  pickup, 
•‘lin  supply  airflow  was  measured  using  a sharp  edge  orifice  located  in  the 
inlet  llrie  immediatelv  upstream  of  the  inlet  plenum.  The  turbine  was 
operated  over  the  range  ot  parameters  listed  as  follows: 


HOT  FILM 
ANEMOMETER 


Figure  139.  Turbine  Rig  Instrumentation 
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DESIGN  CORRECTID 


TEST  RANGE 


Speed , rpm 
Torque,  in- lb 
Rower,  nr 

Pressure  Ratio  (cold)-TT 
Inlet  Pressure,  psla 
Inlet  Temperature,  °F 
Inlet  Plow  Rate,  lb /sec 
Nozzle  Coolant  Flow  Rate,  Ib/sec 
Rotor  Coolant  Flow  Rate,  Ib/sec 
Nozzle  Coolant  Pressure,  psla 
Nozzle  Coolant  Temperature,  °F 
Rotor  Coolant  Temperature,  °F 
Rotor  Coolant  Pressure,  psia 


26,010 

17,000-32,000 

90 

0-130 

AO. 56 

0-50  hp 

4.2 

1.2-4. 6 

14.696 

14.  7 

59 

300  Maximum 

0.862 

0.  3-1 .0 

0.042 

0.03-0.06 

0.020 

0.01-0.03 

— 

30  Maximum 

— 

(-)  50  Minimum 

— 

(-)  50  Minimum 

— 

30  Maximum 

A series  of  four  maior  test  sequences  were  run,  briefly  outlined  as 
f ol lows : 

Sequence  A - Establish  baseline  performance 

Sequence  B - Effect  of  cooling  flows  on  baseline  performance 
Sequence  C - Effect  of  boundary  layer  and  inlet  flow  distortion 
on  baseline  performance 

Sequence  D - Effect  of  blade  loading  and  cooling  flows  Including 
blade  loading  on  baseline  performance 

Thirteen  tests  were  run  sequentially  to  investigate  the  effects  of  the 
above  mentioned  parameters  on  turbine  performance.  The  testing  sequence 
shown  in  Table  16  describes  the  test  series  and  objective,  variable  in- 
vestigated, type  of  data  taken,  and  anticipated  number  of  data  points. 

The  actual  test  procedure  varied  depending  on  the  test  objective,  but 
basically  it  consisted  of  setting  the  turbine  pressure  ratio  and  inlet 
pressure  and  regulating  speed  using  the  water  brake  dynamometer. 

TURBINE  STAGE  TEST  RESULTS 

TEST  1.0  - NOZZLE  PERFORMANCE 

The  purpose  of  this  test  was  to  evaluate  nozzle  performance  over  a range 
of  pressure  ratios. 

Test  Configuration 

Nozzle  performance  evaluation  consisted  of  testing  for  flow  characteristics 
over  a range  of  pressure  ratios  and  conducting  radial  and  circumferential 
surveys  at  nozzle  exit  to  establish  pressure  loss  and  flow  angles  for  the 
nominal  uncooled  nozzle.  Full  surveys  also  were  conducted  with  cooling 
flow  (equal  to  1.8  percent  primary  flow)  injected  through  the  nozzle 
pressure  surface  cooling  holes.  The  purpose  of  this  test  was  to  determine 
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TABLE  16  - PHASE  III  TEST  PROGRAM 


if  flow  added  upstream  of  the  nozzle  throat  would  affect  the  performance. 

All  testing  used  a full-round  twenty-vane  nozzle  with  a measured  throat 
area  of  2.614  square  Inches.  The  nominal  inlet  distortion  screen  was  used. 
No  inlet  boundary  layer  plates  were  present.  Nozzle  flow  was  fixed  by  set- 
ting a fixed  inlet  pressure  based  on  the  average  of  sixteen  total  pressure 
rake  readings  and  a downstream  static  pressure  based  on  the  average  of  six 
static  in  the  nozzle  exit  plane. 

Twenty-one  radial  positions  were  surveyed  circumferentially  over  a 36-degree 
sector.  Hardware  restrictions  limited  the  radial  surveys  to  within  7 
percent  of  both  walls.  The  local  exit  total  pressure  sensed  by  the  pitot 
tube,  inlet  total  pressure  from  a representative  inlet  rake  element,  and 
their  differences  were  recorded  continuously  by  oscillograph  plots  as  each 
radial  position  was  maintained  and  the  probe  moved  circumferentially  through 
the  exit  stream.  Continuous  recording  of  these  data  insured  wake  detection. 
Other  pertinent  parameters  were  monitored  on  a discrete  basis  using  the 
Data  Acquisition  System. 

Nozzle  flow  for  the  surveys  was  set  with  an  inlet  total  pressure  of  50  inch 
Hg.  and  a total-static  pressure  ratio  of  3.33.  For  the  survey  with  in- 
jected flow  through  coolant  holes,  flow  at  inlet  primary  conditions  was 
bypassed  to  the  nozzle  coolant  system  (see  Figure  140). 

Test  Results 


Testing  indicated  that  nozzle  choked  flow  was  6.4  percent  less  than  design 
flow.  This  was  expected  since  the  nozzle  passage,  as  fabricated,  was  small 
with  respect  to  the  design.  The  flow  pressure  ratio  function  in  Figure  141 
compares  design  flow  to  a set  of  test  data  accumulated  from  Test  5.0  (nomi- 
nal suction  surface  loaded  rotor  turbine  configuration  with  ambient  inlet 
pressure)  and  test  1.0  (rotorless  nozzle  exit  survey  configuration  at  an 
inlet  pressure  of  50-inch  Hg).  Both  sets  of  data  indicate  choked  corrected 
airflow,  W f / S , of  0.846.  Other  data  throughout  Phase  III  testing 
indicate  this  level.  These  data  demonstrate  the  repeatability  at  extreme 
conditions. 

The  exit  survey  probe  was  calibrated  at  NASA/Lewis  supersonic  flow  tunnel 
at  a Mach  number  of  1.30  with  results  indicating  Rayleigh  Normal  Shock 
Equations  could  be  applied  to  measured  data.  With  knowledge  of  the  up- 
stream unshocked  local  exit  static  pressure  and  measured  local  exit  total 
pressure  behind  the  shock  wave  of  the  pitot  tube,  the  unshocked  local 
total  pressures  were  calculated  and  used  in  all  other  calculations. 

In  addition  to  the  corrections  applied  for  local  inlet  total  pressure  and 
local  exit  total  pressure,  the  following  assumptions  were  used  In  all  test 
results:  (1)  local  nozzle  exit  static  pressure  was  based  on  discrete 

nozzle  exit  wall  static  pressures  with  linear  Interpolation  radially  and 
no  circumferential  gradient;  (2)  uniform  mass  flow;  and  (3)  constant  inlet 
temperature  from  discrete  Inlet  rake  readings. 


Figure  140.  Test  1.0  - Nozzle  Performance  - Sketch  of  Flow  Path  for  Nozzle 
Exit  Survey. 


NOZZLE  PRESSURE  RATIO,  INLET  TOTAL  PRESSURE/F XIT  STATIC  PRESSURE  PT1  'Ps? 


Figure  141.  Test  1.0  - Nozzle  Performance:  Flow  Pressure  Ratio  Function, 

A Comparison  of  Test  Data  and  Design. 
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Nozzle  total-to-stat ic  pressure  ratio  for  nozzle  exit  surveys  was  set  at 
3.33.  The  pressure  ratio  was  compared  with  rig  test  data  for  conditions 
from  Test  3.0  (nominal  pressure  surface  loaded  rotor  turbine  configuration) 
at  design  speed  and  pressure  ratio  (11/  = 26,010  rpm  and  P/Pxx  " ^.2). 

This  value,  as  shown  in  Figure  142,  also  corresponds  with  the  maximum  nozzle 
pressure  ratio  achieved  for  both  nominal  rotor  configurations  (Test  3.0  and 
Test  5.0)  at  design  speed.  Because  of  the  hardware's  smaller  nozzle  throat 
area,  the  pressure  ratio  across  the  nozzle  is  higher  than  design  (Pxi/P4  = 
2.72). 

As  a result  of  running  the  nozzle  at  a higher  pressure  ratio  than  design, 
the  mass  average  exit  Mach  number  of  test  data  was  1.38,  exceeding  a design 
value  of  1.24.  Figure  143  shows  radial  profiles  of  circumferentially  mass 
averaged  (averaged  over  one  18-degree  section  = one  pitch)  uncooled  local 
exit  Mach  number  data  and  of  design.  With  the  exception  of  the  rapid  de- 
celeration at  the  hub,  both  test  and  design  profiles  have  the  same  slope. 

Radial  profiles  of  design  and  uncooled  nozzle  test  data  absolute  gas  angle 
at  rotor  inlet  are  given  in  Figure  144.  Test  data  gas  angles  w^ere  cal- 
culated fijm  continuity  using  mass  average  exit  total  pressures.  Other 
necessary  parameters  were  as  previously  discussed.  The  underturning  at 
the  hub  is  indicative  of  separation  or  high  secondary  losses.  This  makes 
the  uniform  mass  flow  assumption  somewhat  invalid;  however,  this  assumption 
is  conservative,  since  the  difference  between  design  and  test  data  would 
decrease  if  flow  is  assumed  to  be  Increased  over  the  low  loss  region. 

Figures  145  and  146  show  nozzle  pressure  loss  coefficient  contours  in  the 
measuring  plane  for  both  survey  configurations.  The  contours  cover  a 27- 
degree  section  which  corresponds  to  1.5  vane  channels.  High  loss  regions 
are  evident  in  the  rest  of  the  span.  There  are  wide  valleys  with  pressure 
loss  coefficient,  uT  , less  than  0.2  and  peaks  of  up  to  0.4  in  the  core 
region.  Trailing  edges  were  geometrically  projected  using  suction  surface 
trailing-edge  angles.  The  projections  appear  to  be  displaced,  since 
typically  the  high  loss  peaks  in  the  core  should  represent  suction  surface 
losses . 

The  additional  flow  injected  through  the  coolant  holes  on  the  nozzle 
pressure  surface  had  essentially  no  effect  on  nozzle  performance.  The 
nozzle  pressure  loss  coefficient  contours  are  almost  identical  for  both 
surveys.  To  simplify  the  comparison,  loss  data  for  both  surveys  were 
circumferentially  mass  averaged  from  0 to  18  degrees  (angle  reference  as 
shown  in  Figures  145  and  146).  These  average  radial  profiles  are  compared 
to  the  design  in  Figure  147.  The  two  average  radial  test  profiles  were 
again  mass  averaged  between  7 percent  and  93  percent  (data  range) , the 
resultant  average  losses  are  tabulated  below. 

Conf igurat ion  Pressure  Loss  Coefficient,  ~ 


Without  Cooling 
With  1.8%  Cooling 
Design 
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0.154 

0.157 

0.179 


Figure  142.  Test  1.0  - Nozzle  Per- 
formance: Comparison  of 

Nozzle  Running  Condi- 
tions for  Both  Nominal 
Rotor  Configurations, 
Test  3.0  and  Test  5.0, 
at  Design  Speed. 


Figure  143.  Test  1.0  - Nozzle  Per- 
formance: Comparison  of 

Design  and  Test  Radial 
Nozzle  Fxit  Mach  Number 
Distribution. 


The  true  average  profiles  for  test  data  will  be  somewhat  larger  when  the 
remaining  wall  loss  is  also  added  in.  Note  the  test  data  indicates  the  core 
loss  is  less  than  the  original  design  prediction. 

A high  hub  loss  region  is  also  indicated  in  static  pressure  distributions  at 
the  nozzle  exit.  Figure  148  shows  identical  distributions  for  both  cooled 
and  uncooled  surveys. 

The  high  corner  static  pressure  on  the  suction  surface  at  the  hub  indicates 
a separation  or  a high  secondary  loss  region.  Hub  losses  detected  in  the 
rotor  inlet  surveys  are  complicated  by  the  f lairing  nozzle  duct  and  also  a 
step  in  Che  hub  flow  path,  which  is  visible  in  Figure  140. 

Figure  149  shows  the  normalized  mid-channel  static  pressure  distribution 
for  pressure  ratio  P'ri/P4  = 3.33.  This  data,  although  taken  from  uncooled 
nozzle  exit  survey  data,  is  representative  of  mid-channel  acceleration  for 
choking  nozzle  conditions.  Good  acceleration  is  evident  on  both  walls  all 
the  way  to  the  trailing  edge  of  the  nozzle. 

Repeatability  of  data  from  channel  to  channel  was  assumed  in  mass  averaging 
data  after  only  one  18  degree  sector.  Figures  150(a),  (b)  and  (c)  illus- 
trate the  cyclical  pattern  of  local  exit  total  pressure  survey  data  over 


PERCENT  height 


Figure  14A. 


Test  1.0  - Nozzle  Per- 
formance: Comparison  of 

Design  and  Test  Data 
Radial  Absolute  Gas 
Angle  Profiles  at  Rotor 
Inlet . 


and  5.0  compared  to  1. 
present . 


0 suggest  that 


36  degrees.  Circumferential  traces  of 
local  pressure  loss  coefficient  for 
both  surveys  over  a 27-degree  sector 
are  given  in  Figures  151(a)  through 
(e)  and  152(a)  through  (e) . The 
cyclical  pattern  of  the  data  is  again 
illustrated  in  these  plots  with  some 
exception  at  extreme  hub  and  tip  condi- 
t ions . 

Figures  153  and  154  compare  normalized 
nozzle  exit  pressure  distribution  from 
the  rotor less  survey  data  of  Test  1.0 
to  distributions  of  both  nominal  rotor 
test  configurations  of  Test  3.0  and 
4.0.  Note  Test  5.0  with  the  suction 
surface  loaded  rotor  achieved  a maxi- 
mum nozzle  total-to-static  pressure 
ratio  of  3.02,  which  is  less  than  the 
3.33  pressure  ratio  at  which  surveys 
were  conducted.  High  loss  at  the  hub 
is  visible  in  all  three  tests.  This 
is  detected  by  Increase  in  static 
pressure  from  mid-channel  to  suction 
surface.  The  larger  slope  of  the 
outer  wall  data  for  both  Tests  3.0 
the  tip  was  better  when  rotors  were 


A brief  comparison  of  Phase  III  and  Phase  II  nozzle  performance  data  is  pre- 
sented in  Figures  155  through  157;  Phase  II  test  results  as  reported  in  the 
previous  section.  Included  cascade  nozzle  performance  data  for  meridional 
constriction  on  nozzles.  Wall  configuration  2 in  Phase  II  corresponds  to 
the  full-round  wall  configuration  of  Phase  III.  Figure  155  Illustrates 
low  nozzle  pressure  loss  coefficient  profiles  in  the  core  region.  Gas 
angles  for  Phase  III,  as  shown  in  Figure  156,  are  larger  than  Phase  II; 
however,  the  tests  were  conducted  at  different  pressure  ratios.  Under- 
turning  at  the  hub  is  indicated  in  both  sets  of  data.  Mach  number  radial 
distributions  at  the  nozzle  exit,  Figure  157,  illustrate  the  same  slopes  for 
both  tests.  The  difference  in  the  levels  is  again  caused  by  the  differences 
in  pressure  ratios. 


In  summary,  the  test  results  of  Test  1,  nozzle  performance,  showed  that: 


1.  Although  high  in  the  hub  region,  the  mass  average  loss 
coefficient  was  measured  to  be  14  percent  lower  than  design, 

2.  The  highest  losses  were  concentrated  in  the  hub  on  the 
suction  side,  indicative  of  a localized  high  vortex  loss, 

3.  The  nozzle  throat  area  is  6.4  percent  smaller  than  design. 


164 


»*•  - If.  Hq 


Figure  145.  Test  1.0  - Nozzle  Performance:  Local  Nozzle  Pressure  Loss 

Coefficient  Contours  for  Survey  With  No  Coolant  and  With 
Measuring  Station  0.25  Inch  Axially  Behind  the  Trailing  Edge. 


Figure  146.  Test  1.0  - Nozzle  Performance:  Local  Nozzle  Pressure  Loss 

Coefficient  Contours  for  Survey  with  Coolant  Flow  Injection 
on  Pressure  Surface  and  With  Measuring  Station  0.25  Inch 
Axially  Behind  the  Trailing  Edge. 
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Figure  147. 


Test  1.0  - Nozzle  Perfor- 
mance: Average  Nozzle 

Loss  Distribution  for 
Survey  Plane  0.25  In. 
Behind  the  Trailing  Edge 
With  and  Without  Cooling 
Compared  to  Design. 


Figure  148.  Test  1.0  - Nozzle  Performance:  Exit  Pressure  Distribution  on 

Inner  and  Outer  Walls  for  Uncooled  Nozzle  and  With  Flow  In- 
jected Through  Pressure  Surface  Coolant  Holes. 
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Figure  149. 


Test  1,0  - Nozzle  Perfor- 
mance: Normalized  Mid- 

Channel  Static  Pressure 
Distribution  for  Uncooled 
Nozzle  Exit  Survey  at 
PT1/P4  = 3.33. 


Figure  150(a).  Test  1.0  - Nozzle 

Performance:  Demon- 

stration of  Cyclic 
Raw  Data  Over  18- 
Degree  Periods  for 
Uncooled  Survey  0.25 
Inch  Behind  the  Noz- 
zle Trailing  Edge. 
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Figure  150(b),  Test  1.0  - Nozzle  Per- 
formance: Demonstra- 

tion of  Cyclic  Raw 
Data  Over  18-Degree 
Periods  for  Uncooled 
Survey  0.25  Inch  be- 
hind the  Nozzle  Trail 
ing  Edge. 


Figure  150(c).  Test  1.0  - Nozzle  Per- 
formance: Demonstra- 

tion of  Cyclic  Raw 
Data  over  18  Degree 
Periods  for  Uncooled 
Survey  0.25  inch  Be- 
hind the  Nozzle  Trail- 
ing Edge. 


Figure  151(a).  Test  1.0  - Nozzle  Per- 
formance: Constant 

Radius  Circumferential 
Nozzle  Pressure  Loss 
Coefficient  Profiles 
for  Uncooled  Survey 
0.25  Inch  Behind  the 
Nozzle  Trailing  Edge. 


Figure  151(b).  Test  1.0  - Nozzle  Per- 
formance: Constant 

Radius  Circumferential 
Nozzle  Pressure  Loss 
Coefficient  Profiles 
for  Uncooled  Survey 
0.25  Inch  Behind  the 
Nozzle  Trailing  Edge. 
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Figure  151(c).  Test  1.0  - Nozzle  Per- 
formance: Constant 

Radius  Circumferential 
Nozzle  Pressure  Loss 
Coefficient  Profiles 
For  Uncooled  Survey 
0.25  Inch  Behind  the 
Nozzle  Trailing  Edge. 


Figure  151(d).  Test  1.0  - Nozzle  Per- 
formance: Constant 

Radius  Circumferential 
Nozzle  Pressure  Loss 
Coefficient  Profiles 
for  Uncooled  Survey 
0.25  Inch  Behind  the 
Nozzle  Trailing  Edge. 
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Figure  151(e).  Test  1.0  - Nozzle  Per- 
formance: Constant 

Radius  Circumferential 
Nozzle  Pressure  Loss 
Coefficient  Profiles 
for  Uncooled  Survey 
0.25  Inch  Behind  the 
Nozzle  Trailing  Fxlge. 
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Figure  152(a).  Test  1.0  - Nozzle  Per- 
formance; Constant 
Radius  Circumferential 
Nozzle  Pressure  Loss 
Coefficient  Profiles 
for  1.8Z  Injection 
Flow  Through  Coolant 
Holes  on  Pressure  Sur- 
face and  Survey  Station 
0.25  Inch  Behind  the 
Nozzle  Trailing  Edge. 
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formance:  Constant 

Radius  Circumferential 
Nozzle  Pressure  Loss 
Coefficient  Profiles 
for  1.8%  Injection 
Flow  Through  Coolant 
Holes  on  Pressure  Sur- 
face and  Survey  Station 
0.25  Inch  Behind  the 
Nozzle  Trailing  Edge. 


Figure  152(c). 
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Test  1.0  - Nozzle  Per- 
formance: Constant 

Radius  Circumferential 
Nozzle  Pressure  Loss 
Coefficient  Profiles 
for  1.8%  Injection 
Flow  Through  Coolant 
Holes  on  Pressure  Sur- 
face and  Survey  Station 
0.25  Inch  Behind  the 
Nozzle  Trailing  Edge. 
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Figure  152(d). 


Test  1.0  - Nozzle  Per- 
formance: Constant 

Radius  Circumferential 
Nozzle  Pressure  Loss 
Coefficient  Profiles 
for  1.8%  Injection 
Flow  Through  Coolant 
Holes  on  Pressure 
Surface  and  Survey 
Station  0.25  Inch  Be- 
hind the  Nozzle  Trail- 
ing Edge. 
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Figure  152(e).  Test  1.0  - Nozzle  Per- 
formance: Constant 
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Figure  153. 


Test  1.0  - Nozzle  Perfor- 
mance: Exit  Pressure 

Distribution  on  Inner 
and  Outer  Walls  With 
Suction  Surface  Loaded 
Rotor  Downstream  and 
With  Rotor  Removed. 


Figure  154.  Test  1.0  - Nozzle  Perfor- 
mance: Exit  Pressure  Dis- 

tribution on  Inner  and 
Outer  Walls  With  Pressure 
Surface  Loaded  Rotor 
Downstream  and  With  Rotor 
Removed . 
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Figure  155. 


Test  1.0  - Nozzle  Perfor- 
mance; Comparison  of 
Phase  II  and  Phase  III 
Nozzle  Pressure  Loss  Co- 
efficient Profiles. 


Figure  156.  Test  1.0  - Nozzle  Per- 
formance: Comparison  of 

Phase  II  and  Phase  III 
Nozzle  Exit  Gas  Angle 
Profiles. 
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Figure  157. 


4.  The  injection  of  cooling  flow  from 
the  pressure  side  of  the  vane  had 

a negligible  effect  on  the  loss  dis- 
tribution and  the  total  loss  magni- 
tude, 

5.  Cascade  sector  testing  conducted 
in  Phase  11  gave  similar  test  re- 
sults compared  to  full  round  cas- 
cade results  of  Phase  III. 

Test  2.0  - DISK  WINDAGE,  BFARING 
LOSSES  AND  ROTOR 
COOTJiNT  PLTiPING  LOSSES 

During  Phase  III  full-  round  testing, 
the  power  generated  by  the  turbine 
section  was  measured  by  an  in-line 
torquemeter  integral  with  the  shafting 
and  located  between  the  turbine  disk 
and  the  power-absorbing  water  brake. 


Test  1.0  - Nozzle  Per- 
formance: Comparison  of  As  a result,  the  indicated  torque 

Phase  II  and  Phase  III  measurement  is  that  produced  by  the 
Nozzle  Exit  Mach  Number  turbine  blades  less  the  torque  re- 
Dlstrlbut ions , quired  to  overcome  windage  on  the 

shaft/disk,  bearlng/seal  friction, 

and  blade  coolant  pumping.  The  purpose  of  this  test  was  to  determine  the 
magnitude  of  these  wlndage/frictlon/pumping  losses  and,  hence,  provide  for 
a more  accurate  assessment  of  the  actual  torque  generated  by  the  blades. 


Test  Configuration 

The  test  rig  configuration  for  this  testing  is  shown  in  Figure  158  and  is 
basically  the  same  as  that  used  in  the  subsequent  performance  testing  with 
the  following  main  features: 


a.  High-speed  motoring  of  the  shaft  is  provided  by  an  air  driven 
turbine  located  ahead  of  the  torquemeter.  This  drive  is  inter- 
changeable with  the  water  brake  used  in  performance  testing, 
thus  Identical  shaft  seal/bearlng  layout  is  retained. 

b.  A bladeless  turbine  rotor  disk  duplicates  the  bladed  disk 
configuration  in  terms  of  main  flowpath  hub  and  mounting  geometry. 

c.  A coolant  air  supply  is  positively  sealed  from  the  main  flow  path 
and  is  identical  to  that  used  throughout  the  Phase  III  testing. 

d.  Same  torquemeter  as  used  in  Phase  III. 
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TORQUE  METER 


AIR  TURBINE  DRIVE 


Figure  158.  Test  2.0  - Bladeless  Disk  Configuration  with  Coolant  Flow  Path. 


Test  Results 

Specific  data  points  were  set  by  motoring  the  shaft  at  a given  speed  and 
then  setting  the  desired  levels  of  surrounding  pressure  (main  flow  path)  and 
coolant  flow  rate.  The  results  in  terms  of  absorbed  torque  vs.  mechanical 
shaft  speed  is  shown  in  Figure  159,  with  the  following  observations. 

a.  Windage/bearlng/seal  losses  are  nearly  constant  throughout  the 
shaft  speed  range,  with  the  bulk  of  the  data  falling  between 

3 to  4 in-lb  torque  (Figure  159).  This  is  nominally  3.6  per- 
cent +0.52  percent  of  the  design  turbine  work  at  one  atmosphere 
rig  inlet  t<^tal  pressure. 

b.  Ambient  pressure  surrounding  the  bladeless  disk  was  set  at  three 
levels  of  17,  50  and  100  percent  of  barometric  pressure  (Figure 
159).  No  significant  change  in  torque  is  observed,  thus  indi- 
cating that  windage  effects  alone  are  small  in  this  particular 

rig. 

c.  Coolant  pumping  losses  correlate  well  with  that  calculated  by 
the  Euler  equation  where: 
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^ WaNi_  (R,2  - 
g 550 

P = Power  required  to  pump  coolant, 
Hp. 

N = Shaft  speed,  rad/sec. 

R = Hub  and  tip  radii  of  disk 
through  which  coolant  air 
(Wa  - Ib/sec)  is  pumped,  feet. 

Also  in  Figure  159,  the  raw  Indicated 
torque  data  is  presented  with  various 
amounts  of  cooling  flow  radially 
through  the  disk.  A definite  trend 
of  increasing  torques  with  Increasing 
coolant  flow  rates  is  evidenced.  This 
data  when  reduced  by  the  pumping  tor- 
que calculated  by  the  above  equation 
yields  Figure  160.  The  data  collapses 
into  one  curve  and  within  the  scatter 
of  the  zero  coolant  flow  data. 

Figure  159.  Test  2.0  - Windage,  Bear- 
ing Losses  and  Rotor  Based  on  this  test,  a least  square 
Coolant  Absorbed  Power  polynomlnal  fit  (third  order)  of  the 
Bladeless  Disk  Conflgu-  torque  data  together  with  Euler's 
ration  Total  Torque  vs.  equation  where  applicable  was  used 
Speed.  throughout  Phase  III  data  reduction 

in  correcting  indicated  torque  for 

mechanical/windage  and  pumping  losses. 

TEST  3.0  - EVALUATION  OF  PERFORMANCE  OF  PRESSURE  SURFACE  LOADED  TURBINE 

The  purpose  of  this  test  was  to  define  the  stage  performance  of  the  base- 
line turbine  configuration  and  evaluate  the  blade  element  performance  from 
wall  static  pressures  and  rotor  exit  traverse  measurements. 

Test  Configuration 

The  nominal  41  blade  pressure-side  loaded  rotor  (Figure  134)  and  the  20 
vane  nozzle  (Figure  133)  were  used  throughout  this  test.  Coolant  holes  in 
the  blades  and  nozzle  vanes  were  closed  and  the  surface  was  smoothed  to  the 
0.0126  inch  with  axial  spacing  between  the  nozzle  and  rotor  at  a nominal 
design  of  0.25  inch. 
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Instrumentation  for  performance  evaluation  Included  the  following  (Figure 
138): 


- Nozzle  inlet  total  temperature  and  pressure 

- Rotor  exit  total  temperature  and  pressure 

- Rotor  exit  radial  traverse  (2  locations)  of  temperature, 
pressure  and  swirl  angle 
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WINDAGt'BEARING/SEAL  TORQUE 
ASATT  BLAOELESS  ROTOR  TESTS 


WINDAGE  BEARING  LOSSES 
AND  ROTOR  COOLANT  ABSORBED 


1 COOLANT  FLOW. 

ro  ao 
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Figure  160.  Test  2.0  - Windage  Bearing  Losses  and  Rotor  Coolant  Absorbed 
Power.  Bladeless  Disk  Configuration  - Windage  and  Bearing 
Torque  vs.  Speed. 


- In-line  torquemeter  (Himmelstein  Model  McRT  2-04) 

- Static  pressures  at  stage  inlet  and  exit  total  measuring 
planes,  nozzle  exit,  nozzle  vane  mid-channel,  and  rotor 
exit  locations  on  both  inner  and  outer  walls. 

Test  Results 


With  turbine  stage  inlet  conditions  maintained  at  nominal  one  atmosphere 
and  220°-230°F  temperature,  twenty-five  data  points  were  taken  at  various 
speed  - pressure  ratio  settings  and  the  overall  stage  performance  was 
^ defined  based  on  dynamometer  data,  as  shown  in  the  map  on  Figure  161.  For 

comparison  to  design  performance,  this  map  was  then  adjusted  to  reflect 
Increased  performance  at  design  values  of  Reynolds  number  per  the  cor- 
relations established  during  subsequent  testing  in  test  13.  The  resulting 
map  is  shown  in  Figure  162  and  except  for  tip  clearance,  is  directly  com- 
parable to  the  design  map  (Figure  163).  The  tip  clearance  difference  be- 
tween these  two  maps  is  0.0086  in.  (0.0126  in.  for  Figure  162,  and  0.004  in. 
design  for  Figure  163).  An  estimate  of  tip  clearance  effects  on  performance 
is  shown  in  Figure  8 and  yields  approximately  a 1.0  point  efficiency  change 
for  a 0.0086  in.  change  in  clearance.  Hence,  for  a common  comparison  to 
Figure  162,  the  performance  shown  on  the  design  nap  (Figure  163)  may  be  de- 
creased by  1.0  efficiency  points  and  yields  80.3  percent.  This  is  also 
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Figure  161.  Test  3.0  - Nominal  figure  162.  Test  3.0  - Baseline 

Solidity  - 41  Blades  Turbine  Performance  Map: 

Pressure  Loaded  Rotor,  Performance  Map  With 

Baseline  Configuration.  Reynolds  Number  Corrected 

to  Design  Point  Conditions 


ASATT  TURBINE  PERFORMANCE 
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Figure  163.  Test  3.0  - ASATT  Turbine  Performance. 


consistent  with  the  80.2  percent  efficiency  predicted  during  Phase  I 
(Appendix  B)  at  a slightly  lower  rotor  tip  clearance  of  0.011  in.  The 
overall  performance  comparison  between  test  and  design  at  work  level  and 
shaft  speed  is  summarized  below: 


Referred  Work,  H/Qc^,  Btu/lb. 
Efficiency,  , Percent 
Flow  Speed  Parameter,  (WN/ S 60)  e , 
lb-rev/ sec2 

Referred  Work  at  Limit  Load, 
AH/Qcr,  Btu/lb. 


TEST 

DESIGN 

A , PERCENT 

33.4 

33.4 

0 

76.5 

80.2 

-3.7 

367 

392 

-6.4 

34.6 

35.8 

-1.2 

With  respect  to  design  values,  the  efficiency  is  down  3.7  percentage  points 
with  a similar  trend  at  limit  load  conditions  where  work  is  3.4  percent  low. 
Also,  the  flow  speed  parameter  indicates  a 6.4-percent  small  nozzle  throat, 
which  is  in  agreement  with  the  nozzle  blowdown  tests  of  test  1.  More 
specific  data  as  to  blade  element  performance  as  indicated  by  the  static 
pressure  taps  and  rotor  exit  traverses  is  as  follows: 

a.  Radial  distribution  of  stage  performance  was  determined  from 
total  temperature,  pressure,  and  angle  surveys  at  rotor  exit 
and  rake  total  temperature/pressure  conditions  at  the  nozzle 
inlet.  Using  a radial  distribution  of  the  circumferential 
average  of  local  inlet  values  and  the  local  radial  distribution 
of  the  traverses,  a radial  adiabatic  efficiency  gradient  was 
determined.  These  data  are  shown  in  Figures  164  through  169. 

The  absolute  level  of  efficiencies  indicated  in  Figure  169  are 
substantially  higher  than  that  of  the  map  data.  This  is  in 
part  due  to  significant  circumferential  and  radial  temperature 
gradients  at  the  inlet  which  are  in  turn  propagated  through  the 
turbine  (Figure  170) . Since  the  traverse  is  sensing  only  cir- 
cumferential conditions  and  the  turbine  inlet  is  taken  as  the 
average,  the  calculated  efficiencies  will  be  high.  However, 
the  efficiency  distribution  is  significant  in  that  it  reflects 
near  design  gradients  from  30  to  90  percent  span.  The  hub,  10 
to  30  percent  span,  data  is  inconclusive. 

b.  The  axial  static  pressure  distribution  through  the  stage  is 
shown  in  Figure  171  and  is  compared  to  design  values.  Good 
correlation  Is  obtained  near  the  outer  wall.  However,  the 
Inner  wall  indicates  substantially  greater  expansion  at  noz- 
zle discharge,  hence  higher  flow  Mach  numbers  than  design 
Intent  (Figure  172).  This  has  the  effect  of  increasing  inci- 
dence at  the  rotor  blade  leading  edge  (Figure  173)  and  re- 
ducing the  reaction  through  rotor  hub,  both  tending  to  reduce 
hub  performance.  Increasing  the  nozzle  throat  area  to  design 
levels  with  most  of  the  increase  rear  the  hub  should  Improve 
the  performance. 
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Figure  164.  Test  3.0  - Evaluation 
of  Nominal  Performance 
Baseline  Configuration; 
Inlet  Total  Temperature 
Vs.  Height. 
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Figure  165.  Test  3.0  - Evaluation  of 
Nominal  Performance 
Baseline  Conf Igura tion . 
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Figure  166.  Test  3.0  - Evaluation 
of  Nominal  Performance 
Baseline  Configuration; 
Exit  Total  Temperature 
Vs . Height . 


Figure  167.  Test  3.0  - Evaluation  of 
Nominal  Performance 
Baseline  Configuration. 
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Figure  168.  Test  3.0  - F.valuation 
of  Nominal  Performance 
Baseline  Configuration; 
Exit  Swirl  Vs.  Height. 
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Figure  169.  Test  5.0  - Evaluation  of 
Blade  Loading  Radial  Ef- 
ficiency Distribution 
Based  on  Nozzle  Inlet 
Rakes  and  Rotor  Exit 
Survey . 
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Figure  170.  Test  5.0  - Evaluation 

of  Blade  Loading  Nozzle 
Inlet  and  Rotor  Exit 
Circumferential  Temper- 
ature Variation. 


Figure  171.  Test  5.0  - Evaluation  of 
Blade  Loading,  Axial 
Static  Pressure  Distri- 
bution. 
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Figure  172.  Test  5.0  Evaluation  of 
Blade  Loading.  Nozzle 
Exit  and  Rotor  Discharge 
Relative  Mach  Number  Dls 
trlbutlon. 
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Figure  173.  Test  5.0  - Evaluation 
Blade  Loading.  RcTor 
Incidence  Angle  Distri- 
bution at  Nozzle  Mach 
Number  M = 1.38. 


c.  The  nozzle  performance  tests  measured  higher  hub  losses  (Figure 
174)  and  ,;lgher  flow  Mach  numbers  over  most  of  the  span  (Figure 
172).  The  experimental  nozzle  loss  distribution  together  with 
the  stage  radial  efficiency  distribution  (Figure  169)  was  used 
to  calculate  the  relative  conditions  for  the  rotor.  Figures 
172  and  175  give  the  resulting  rotor  relative  exit  Mach  number, 
nozzle  exit  absolute  Mach  number,  and  relative  rotor  loss  co- 
efflclency.  These  calculations  Indicate  that  the  rotor  loss 
coefficiency  Is  substantially  higher  than  design  at  30  to  90 
percent  span  with  Indications  of  lower  than  design  values  at  10 
to  30  percent  span.  The  latter  hypothesis  Is  again  Inconclusive 
(seemingly  too  low)  due  to  the  unrealistically  high  values  of 
hub  efficiency. 

TEST  4.0  - DETERMINATION  OF  COOLING  FLOW  LOSSES  ON  NOMINAL  PLR  TURBINE 
Test  Configuration 

Testing  for  coolant  effect  was  conducted  using  the  same  hardware  as  Test  3 
(Evaluation  of  Performance  of  PLR  Turbine)  with  the  exception  of  Installing 
supply  lines  to  stator  and  rotor  coolant  Inlet  fittings.  The  rig  assembly 
used  the  full-round  20-vane  nozzle  and  41-blade  (nominal  solidity)  pressure 
surface  loaded  rotor  with  a nominal  running  tip  clearance  of  0.013  Inch,  a 
nominal  Inlet  distortion  screen,  no  Inlet  boundary  layer  plates,  and  a 
nominal  nozzle/rotor  axial  spacing  of  0.25  Inch. 
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Figure  174.  Test  1.0  - Nozzle  Per-  Figure  175.  Rotor  Loss  Distributions, 
formance:  Average  Nozzle 

Loss  Distribution  for 
Survey  Plane  0.25  In. 

Behind  the  Trailing  Edge 
vith  and  without  Cooling 
Compared  to  Design. 


The  turbine  was  set  at  design  speed  and  pressure  ratio,  = 26,010 

rpm  and  P/PxT  = 4.2.  Sixteen  total  pressure  rake  readings  at  both  nozzle 
inlet  and  rotor  exit  were  averaged  to  set  the  turbine  total-total  pressure 
ratio.  Speed  was  regulated  with  a Kahn  water  brake,  having  a design  maxi- 
mum  speed  of  35,000  rpm.  However,  a maximum  limit  of  30,000  rpm  was  im- 
posed to  maintain  a safe  operating  margin.  Primary  flow  inlet  total  tem- 
perature (averaged  from  sixteen  rake  readings)  was  maintained  slightly 
below  230  degrees  fahrenheit.  This  temperature  was  the  maximum  inlet 
temperature  for  running  at  a referred  speed  of  26,010  rpm  without  exceeding 
the  30,000-rpm  mechanical  speed  limitation.  Inlet  total  pressure  was  set 
at  50  inches  Hg. 

Nozzle  and  rotor  coolant  was  injected  through  holes  on  the  pressure  surface 
of  the  blading.  Figures  130  and  131(a)  and  131(b)  illustrated  the  size 
and  locations  of  these  holes.  F.ach  coolant  flow  was  set  by  its  percentage 
with  respect  to  the  primary  inlet  flow.  Coolant  inlet  conditions,  total 
temperature  and  static  pressure,  were  measured  in  cavities  downstream  of 
their  flow  measuring  orifices.  These  conditions  varied  by  the  amount  of 
coolant  flow;  that  is,  higher  percentage  of  coolant  flow  resulted  in 
higher  inlet  pressure  and  cooler  inlet  temperature.  Table  17  illustra- 
tes this  effect. 


TABLE  17 


INLET  CONDITIONS  OF  PRIMARY  AND  COOLANT  FLOWS 


Primary  Flow:  Constant 

at 

= 

230“F 

i^°in 

= 

50  In . 

Hg. 

Coolant  Flow 

ZPrlmary  Flow 

Coolant  Inlet 

Conditions 

2.2%  Rotor  Coolant 

T“in 

- 

23.8°F 

Psln 

- 

19.7 

In . 

Hg. 

4.0%  Rotor  Coolant 

T°in 

= 

3.4°F 

Psin 

= 

26.8 

in. 

Hg. 

8.0%  Rotor  Coolant 

T°in 

= 

16.4°F 

Psln 

= 

47.5 

in. 

Hg. 

3.5%  Nozzle  Coolant 

T“ln 

= 

67.5“F 

Psin 

= 

50.7 

in , 

Hg. 

5.7%  Nozzle  Coolant 

T“ln 

= 

41.9‘’F 

Psln 

52.9 

in . 

Hg. 

6.2%  Nozzle  Coolant 

T-’in 

= 

37.7“F 

Psin 

= 

53.7 

in. 

Hg. 

Radial  rotor  exit  surveys  of  total  pressure,  total  temperature  and  exit 
gas  angle  were  conducted  at  several  coolant  rates. 

Test  Results 


A comparison  of  theoretical  and  test  data  total  discharge  flow  as  a function 
of  nozzle  and  rotor  coolant  flow  is  given  in  Figure  176.  Previous  test 
results  from  Test  1,  Nozzle  Performance,  indicated  the  maximum  corrected 
airflow  which  the  nozzle  could  pass  was  approximately  [V^/TT^/  t)  e = 0.847. 
Since  nozzle  coolant  Is  injected  upstream  of  the  nozzle  throat,  this  choked 
value  includes  both  primary  and  nozzle  coolant  flow.  Theoretical  corrected 
total  discharge  flow  Is  the  sum  of  0.847  plus  the  rotor  coolant  contribution 
Theoretical  discharge  flow  lines  are  shown  In  Figure  176.  Note,  for  zero 
percent  rotor  coolant  corrected  total  discharge  flow  Is  constant  0.847.  As 
rotor  coolant  Is  Introduced,  lines  representing  constant  percent  rotor 
coolant  decrease  as  nozzle  coolant  Increases.  This  Is  because  the  defini- 
tion of  percent  coolant  Is  coolant  flow  compared  to  Inlet  primary  flow.  As 
nozzle  coolant  Increases,  the  Inlet  primary  flow  decreases.  Therefore,  for 
the  same  percent  rotor  coolant  by  definition,  there  Is  less  actual  rotor 
coolant  flow  as  nozzle  coolant  increases.  Test  data,  with  the  exception  of 
one  reading,  agreed  within  0.5  percent  of  the  theoretical  curves. 

In  evaluating  performance,  the  turbine  system  was  treated  as  a control 
volume  with  energy  Inputs  of  primary  flow,  nozzle  coolant  flow  and  rotor 
coolant  flow  and  with  energy  output  of  mixed  total  discharge  flow.  Torque 


o 0.86 


DtSd.N  »-  DATA  POINT 


TOT  AL  MIXt  D DI6CMAHGT  T LOW  AS  A MINCTKTN  OF  I 

MOTOR  AND  NO<T/U  COOT  ANT  M OW  I 

CT  15l9(‘  I 

1 t f II  PHI  SSOHl  lOAOED  ROTOR.; 


w -0.00  - 

H.00 

"„c 

— 

I?)  ».  ROTOR  cool  ANT 
— — — I M OW  INLt  T PRIMARY 

I HOW  GIVEN  BY 

‘(3)  DATA  POINTS. 

1 

h-„ 

• HC)T0R  COOl  ANT 
VALVf  CLOSID 
4.36  I I 

^ 3-^9  l^i.90  I 

1.8T 

%.n  j 

■''RC  i 

' ?T40 

i 

w.  _ ! 0.10 

I I 

K— - 

2,  111 

0.4H  . -J 

O.Oh  ^ 1 

0.34 

/\ 

T i 

n 3b 

/] 

c 

1 I 

F CHOKfD  NOZ/l.F  f LOW 
HtORFTiCAL  CURVES  FOR  DISC 
OOLAN7/INLET  PRIMARY  ARE 

■ , II  0.R4T  TUT  N 

HARGf  FLOW  VS  % I 
JHUVVN  I I 

? 3 a b 6 

■»  NOiTZLT  COOLANT  HOW  INLET  PRIMARY  FLOW 


Figure  176.  Test  4.0  - Determination  of  Cooling  Flow  Losses  on  Nominal 
PLR  Turbine:  Discharge  Flow  vs.  Cooling  Flow. 


data  for  this  test  was  unstable;  therefore,  rake  temperatures  and  coolant 
cavity  temperatures  were  used  to  calculate  energy  change.  Inlet  and  exit 
rake  temperature  readings  were  corrected  for  conduction,  convection  and 
ram  recovery,  using  equations  derived  from  thermocouple  calibration  data. 
Ffflclency  is  defined  as: 


= Net  Work 
Ideal  Work 


with.  Net  Work  = Mass  Flowi  (Enthalpyjj^  - Enthalpyo^t ) 1 
1 “ Input  Source 

Ideal  work  assumes  Isentroplc  expansion  of  each  source  from  their  re- 
spective inlet  conditions  to  the  mixed  exit  state: 

Ideal  Work  »=  Zj^Mass  Flow^  (Enthalpyin  - Isen.  Enthalpyout ) i 

1 ••  Input  Source. 

Results  indicate  0.05  percent  loss  in  efficiency  for  every  one  percent 
nozzle  cooling  and  approximately  1.1  percent  loss  in  efficiency  for  every 
one  percent  rotor  coolant  injection.  Since  the  design  point  calls  for 
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4 percent  nozzle  cooling  and  2 percent  rotor  cooling  (Ref.  Figure  130), 
efficiency  drop  due  to  cooling  is  2.4  percent  for  design.  Figure  177  Is 
a comparison  of  test  data  and  predicted  efficiency  change  as  a function  of 
nozzle  coolant  and  rotor  coolant.  Theoretical  effect  of  coolant  flow  in- 
jection on  performance  was  predicted  using  a free  vortex  turbine  design 
point  computer  program  which  accounts  for  various  types  of  cooling.  The 
program  involves  equations  of  continuity,  conservation  of  energy  and  con- 
servation of  angular  and  axial  momentum.  The  baseline  efficiency  of 
Figure  177  was  set  by  applying  predicted  performance  change  levels  to  4 
percent  and  8 percent  rotor  coolant  flow  and  thereby  projecting  the  0 per- 
cent rotor  coolant  level.  Test  4 data  at  0 percent  rotor  coolant  flow  gave 
suspiciously  low  levels  of  performance.  Zero  rotor  coolant  flow,  when 
the  coolant  holes  are  unplugged.  Introduces  the  possibility  of  secondary 
flow  patterns  developing  between  the  mainstream  and  rotor  cavity  due  to  the 
pressure  gradient  within  the  rotor  cavity.  Unfortunately,  there  was  no 
comparable  data  from  other  tests  with  the  holes  plugged  and  with  the  same 
inlet  conditions  as  for  this  turbine  configuration.  Several  exit  total 
temperature  rake  elements  recorded  below  freezing  temperatures  when  coolant 
was  injected.  This  problem  could  not  be  eliminated  through  raising  the  pri- 
mary inlet  temperature  since  inlet  temperature  was  restricted.  With  below 
freezing  temperatures,  there  was  a possibility  that  ice  formation  mav  have 
distorted  exit  temperature  readings  and  therefore  be  the  cause  for  data 
scatter  shown  in  Figure  177. 

Rotor  exit  traverse  data  for  several  coolant  rates  is  shown  in  Figure  178. 
The  exit  total  pressure  profile  shows  no  change  due  to  coolant  which  is 
consistent  with  results  of  Test  1 (Nozzle  Performance)  in  which  nozzle  exit 
surveys  indicated  no  difference  in  pressure  loss  coefficient  between  the 
nominal  uncooled  nozzle  and  the  nozzle  with  1.8  percent  coolant  flow  in- 
jected. Exit  gas  angle  profiles  within  the  range  of  data  scatter  show  no 
coolant  effect.  Differences  in  the  exit  total  temperature  profiles  result 
from  the  percent  of  coolant  injected  and  its  inlet  temperature. 

TEST  5.0  - EVALUATION  OF  BLADE  LOADING 

The  purpose  of  this  test  was  to  experimentally  evaluate  the  effect  of  a 
variation  in  rotor  blade  loading  on  the  overall  performance  of  the  turbine. 

Test  Configuration 

The  build  consisted  of  the  full-round  nominal  nozzle  with  the  suction  sur- 
face loaded  rotor  (SLR)  turbine  assembly.  The  cooling  holes  on  the  nozzle 
and  rotor  were  closed  off. 

The  axial  spacing  between  the  nozzle  trailing  edge  and  the  rotor  leading 
edge  was  set  at  the  nominal  0.25  inch,  and  the  average  radial  rotor  static 
tip  clearance  was  0.012  inch.  Instrumentation  and  test  variables  were 
the  same  as  for  the  PLR  turbine.  The  two  rotor  geometries  tested  were 
shown  in  Figure  134. 
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Figure  178.  Test  4.0  - Determination  of  Cooling  Flow  Losses  on  Nominal  Pl.R 
Turbine . Rotor  Kxlt  Pressure,  Temperature  and  Swirl  Survevs . 
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Test  Results 

Overall  performance  of  the  SLR  turbine  at  Inlet  conditions  of  14.7  and  230°F 
is  given  in  Figure  179.  At  design  work  and  speed,  the  SLR  turbine  shows  an 
efficiency  of  76.3  percent  or  3.3  points  higher  performance  than  the  PLR  tur- 
bine. At  design  speed,  a higher  performance  is  also  evidenced  by  a 5.4 
percent  higher  SLR  limit  load  capability  of  A = 35.0  btu/lb,  as  com- 

pared to  33.2  Btu/lb  for  the  PLR  turbine.  The  difference  in  performance 
between  the  PLR  and  SLR  turbines  was  consistently  repeated  at  atmospheric 
testing,  and  a similar  trend  was  evidenced  with  tests  at  higher  pressures 
(Test  13).  The  flow  capacities  of  both  SLR  and  PLR  turbines  are  the  same 
and  both  configurations  were  nozzle  choke-flow  controlled.  When  corrected 
to  engine  Reynolds  number,  the  efficiency  of  the  SLR  turbine  is  78.8  or  1.4 
points  lower  than  design  target.  Figure  180  gives  the  overall  performance 
of  the  SLR  turbine  corrected  for  Reynolds  number  to  engine  conditions. 

Table  18  summarizes  some  of  the  pertinent  aerodynamic  parameters. 


TABLE  18 

PERFORMANCE  PARAMETER  COMPARISON 
OF  PLR  TURBINF;  and  SLR  TURBINE  AT  DESIGN  SPEED 


Parameter 

PLR  Turbine 

SLR  Turbine 

Design 

Referied  Work,  All  , Btu 
^cr  lb 

33.4 

33.4 

33.4 

Efficiency  at  Design  Work 

73.0* 

76.3 

80.2 

Referred  Flow,  WN  . , lb-rev 
860  sec^ 

367 

367 

392 

Referred  Work  at  I.irait  Load, 

lb 

33.2 

35.0 

35.8 

Reynolds  Number,  Nozzle 
Rotor 

3.3  X 105 
0.8  X 105 

3.3  X 105 
0.8  X 105 

8.03  X 105 
1.88  X 1Q5 

Efficiency  at  Design  Work 
Corrected  by  Reynolds  No.  to 

76.5 

78.8 

80.2 

Engine  Conditions 


* At  Limit  Load 
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Figure  179.  Test  5.0  - Blade  Load- 
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Figure  180.  Test  5.0  - Blade  Loading 
Evaluation:  SLR  Perfor- 
mance Map  with  Reynolds 
Number  Corrected  to 
Design  Point  Conditions. 


Radial  distribution  of  performance  of  the  two  turbines  was  determined  from 
total  temperature,  pressure,  angle  surveys  at  rotor  exit,  and  rake  total 
pressure  temperature  conditions  at  the  nozzle  leading  edge.  Individual 
inlet  probe  values  were  averaged  circumferentially  and  plotted  as  a function 
of  radius  to  calculate  radial  distribution  of  efficiency.  Figures  181 
through  186  show  the  data  taken  and  resulting  radial  efficiency  distri- 
bution. Good  agreement  between  the  two  surveys  is  shown  from  30  percent 
span  to  90  percent  span  with  substantial  differences  in  efficiency  in  the 
hub.  The  two  surveys  are  located  84  degrees  apart,  and  large  circumferential 
differences  in  rake  inlet  and  rake  exit  conditions  were  noted  during  testing 
(Figure  187).  These  rake  temperature  circumferential  gradients  are  due  to 
heat  conduction  losses  through  the  probe  stem  to  the  large  inlet  plenum. 

^ Survey  hub  efficiency  data  is,  therefore,  suspect  and  absolute  values  are 

questionable.  However,  since  the  SLR  and  PLR  turbines  were  tested  with 
the  same  instrumentation  and  the  same  operating  conditions,  comparative 
observations  may  be  made. 

Figure  188  compares  the  design  point  radial  efficiency  distribution  of  the 
two  turbine  configurations  as  determined  from  the  average  of  two  total 
temperature  and  total  pressure  surveys.  The  SLR  turbine  shows  higher  per- 
formance in  the  extreme  hub  region  and  in  the  40  to  80  percent  span  sections. 
Differences  in  the  two  turbine  performances  are  probably  due  to  a combined 
effect  of  loading  due  to  Incidence  and  loading  due  to  differences  of  blade 
shape. 
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Figure  181. 


Test  5.0  - Evaluation  Figure  182.  Test  5.0  - Evaluation  of 


of  Blade  Loading.  Inlet 
Temperature  Distribution 
from  Average  Circumfer- 
ential Rakes. 


Blade  Loading.  Inlet 
Total  Pressure  Distri- 
bution from  Average  Cir- 
cumferential Rakes. 


TT9  VS.  HEIGHT 


SURVEY  TOTAL  TEMPERATURE,  °R 


PT9  VS.  HEIGHT 


Figure  183.  Test  5.0  - Evaluation 

of  Blade  Loading.  Rotor 
Exit  Total  Temperature 
Radial  Survey. 


Figure  18A.  Test  5.0  - Evaluation  of 
Blade  Loading.  Rotor  Exit 
Radial  Total  Pressure 
Survey . 
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Figure  185.  Test  5.0  - Evaluation 

of  Blade  Loading.  Rotor 
Exit  Radial  Swirl  Angle 
Survey. 


Figure  186.  Test  5.0  - Evaluation  of 
Blade  Loading.  Radial 
Efficiency  Distribution 
Based  on  Nozzle  Inlet 


Figure  187.  Test  5.0  - Evaluation 

of  Blade  Loading:  Cir- 

cumferential Temperature 
Gradients  at  Turbine  In- 
let and  Exit. 


Figure  188.  Test  5.0  - Evaluation  of 
Blade  Loading.  Radial 
Efficiency  Distribution 
Based  on  Nozzle  Inlet 
Rakes  and  Rotor  Exit  Survey. 
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The  nozzle  performance.  Test  1,  showed  higher  than  design  hub  losses  and 
higher  than  design  exit  Mach  numbers  over  most  of  the  blade  span.  The  ex- 
perimental nozzle  loss  distribution  curve  was  used  with  the  stage  radial 
efficiency  distribution  of  Figure  188  to  predict  the  relative  conditions 
for  the  two  rotors  tested.  Figures  189  and  190  give  resulting  rotor  rel- 
ative exit  Mach  number,  rotor  entrance  absolute  Mach  number,  and  relative 
rotor  loss  coefficient.  Calculated  data  shows  the  rotor  loss  to  be  higher 
than  design  in  the  mid-span  to  tip  region,  and  the  PLR  rotor  loss  is  higher 
than  the  SLR  rotor  loss.  Loss  values  in  the  0-30  percent  span  are  again  un 
realistically  low  due  to  indicated  high  overall  efficiency  data  in  this 
region. 

Figure  191  compares  the  calculated  incidence  angles  for  the  two  rotors. 

The  calculated  incidence  angles  on  the  SLR  turbine  are  substantially  lower 
from  the  hub  to  the  60  percent  span  region.  When  compared  to  the  design  in 
cidence  values  it  can  be  noted  that  both  rotors  are  operating  at  higher 
than  the  design  intent.  The  PLR  rotor  design  incidence  was  necessarily 
high  to  obtain  the  pressure  loaded  shape,  however,  it  appears  that  the  in- 
crease observed  from  the  test  had  the  effect  of  increasing  the  losses  sub- 
stantially in  the  hub  region. 

Figure  192  gives  the  measured  static  pressure  distribution  in  the  SLR  flow 
path  at  design  pressure  ratio.  Comparison  to  design  value  confirms  the 
results  of  Test  1,  showing  that  the  nozzle  is  too  small  for  the  rotor.  The 
outer  wall  nozzle  static  exit  is  near  design  value  whereas  the  inner  static 
pressure  is  substantially  below  design  values.  The  test  hub  rotor  reaction 
is,  therefore,  considerably  lower  than  desired,  and  the  stage  efficiency 
should  improve  with  an  Increase  in  nozzle  throat  area. 

Some  of  the  performance  superiority  of  the  SLR  turbine  over  the  PLR  stage 
could  also  be  attributable  to  hub  reaction  effects.  Figure  193  gives  the 
PLR  flow  path  static  pressure  distribution  at  design  pressure  ratio  and  100 
percent  speed.  Both  hub  and  tip  PLR  rotor  reaction  is  poorer  than  for  the 
SLR.  Since  both  stages  were  operated  at  the  same  overall  pressure  ratio 
with  the  same  nozzle,  the  rotor  effective  area  of  the  PLR  stage  was  larger 
than  the  SLR  stage.  Inspection  of  the  throat  dimensions  of  the  two  rotors 
confirms  the  PLR  rotor  to  be  two  percent  larger  than  the  SLR  rotor,  thereby 
contributing  to  inefficiency  due  to  lower  rotor  reaction. 

In  summary,  the  evaluation  of  different  blade  loading  showed  that: 

1.  At  design  work  and  speed,  the  SLR  turbine  is  2.9  points 
higher  in  efficiency  than  the  PLR  turbine, 

2.  The  SLR  turbine  is  within  1.4  points  (low)  of  design  prediction 
efficiency, 

3.  Flow  capacity  of  both  turbines  was  down  6.4  percent  from  design 
due  to  a small  nozzle. 
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Figure  189.  Test  5.0  - Evaluation  of 
Blade  Loading.  Nozzle 
Exit  and  Rotor  Discharge 
Relative  Mach  Number 
Distribution. 


Figure  190.  Test  5.C  - Evaluation  of 
Blade  Loading:  Rotor 
Loss  Distributions. 


Figure  191. 


Test  5.0  - Evaluation  of  Figure 
Blade  Loading:  Rotor  In- 
cidence Angle  Distri- 
bution at  Nozzle  Mach  No. 

M " 1.36. 


192.  Test  5.0  - Evaluation  of 
Blade  Loading:  Axial 
Static  Pressure  Distri- 
bution . 
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Figure  193.  Test  5.0  - Evaluation  of 
Blade  Loading:  Axial 
Static  Pressure  Distri- 
bution. 


4.  Some  of  the  performance  difference 
between  two  turbines  was  due  to 

a difference  in  reaction  attri- 
butable to  the  PLR  rotor  manu- 
factured two  percent  larger  than 
the  SLR  rotor. 

5.  Some  of  the  performance  gain  was 
due  to  SLR  improved  loading  as 
the  SLR  rotor  loss  coefficient 
was  lower  than  the  PLR  even  in 
regions  where  incidences  were 
the  same . 

6.  Both  turbine  configurations 
lost  performance  due  to  a loss 
in  reaction  and  high  rotor  in- 
cidences as  a result  of  a small 
nozzle. 

TESTS  6 and  7 - EFFECT  OF  LEAKAGE 
(BYPASS)  FLOW  ON  PERFORMANCE  OF  TWO 
ROTOR  DESIGNS 


The  purpose  for  these  tests  was  to 
determine  the  effect  of  flow  leakage  on  performance  of  two  rotor  designs. 
The  flow  leakage  bypasses  the  nozzle  and  is  readmitted  to  the  rotor  inlet. 


Test  Configuration 

Testing  required  two  builds:  (1)  suction  surface  loaded  rotor  (SLR)  tur- 

bine assembly  as  in  Test  5;  and  (2)  pressure  surface  loaded  rotor  (PLR) 
turbine  assembly  as  in  Test  3. 

Both  hardware  configurations  used  the  twenty-vane  nozzle  and  a nominal 
nozzle/rotor  axial  spacing  of  0.25  inch.  Coolant  holes  on  the  vanes  and 
blades  were  sealed  and  surfaces  smoothed.  Bypass  air  was  bled  off  from 
the  primary  inlet  flow  upstream  of  the  nozzle  inlet,  channeled  through  a 
control  valve  and  measuring  orifice  and  then  reintroduced  to  the  mainstream 
flow  at  the  interstage  hub.  The  average  rotor  tip  to  shroud  static  clear- 
ances were  0.011  inch  for  the  SLR  turbine  and  0.013  inch  for  the  PLR  turbine. 
The  nominal  inlet  turbulence  screen  was  used.  No  inlet  boundary  layer 
plates  were  present. 

Instrumentation  used  was  the  same  as  that  of  Tests  3 and  5,  except  no  rotor 
exit  surveys  were  performed  and  additional  instrumentation  was  added  to 
monitor  the  bypass  flow  rate  and  inlet  conditions. 
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Test  Results 


Tests  were  conducted  with  a average  inlet  total  pressure  of  50  In.  Hg.  and  a 
total  temperature  of  230°F.  Each  configuration  was  run  at  100  percent  power 
that  is,  design  referred  speed  (N/v-^  = 26,010  rpm)  and  design  total-total 
pressure  ratio  (P/PxT  = ^*2),  and  also  at  a reduced  power  rating  of  approxi- 
mately 60  percent  with  respect  to  design.  The  60-percent  power  setting  was 
approximated  on  the  SLR  stage  at  a referred  speed  of  70  percent  and  a 
pressure  ratio  of  2.5.  The  same  power  was  set  at  a 10-percent  higher  speed 
(80  percent)  on  the  PLR  stage  and  required  a lower  pressure  ratio  of  2.27. 
The  two  setting  points  at  60  percent  power,  although  not  identical,  are 
in  a U/Co.  vs. rj  region  where  efficiency  changes  are  small  and  still  com- 
parable. The  percent  bypass  flow  to  total  discharge  flow  was  varied  from 
0 to  10  percent  for  both  power  settings. 

Test  results  are  illustrated  in  Figure  194,  which  shows  loss  in  torque  ef- 
ficiency due  to  nozzle  bypass  flow  for  both  turbine  configurations  at  100 
percent  power  and  at  the  reduced  power.  Torque  efficiency  was  calculated 
(discussed  in  Test  4 - Determination  of  Cooling  Flow  Losses  on  Nominal 
PLR  Turbine)  with  energy  Inputs  of  primary  flow  through  the  nozzle  and 
secondary  flow  bypassing  the  nozzle.  For  100  percent  power,  the  SLR  tur- 
bine efficiency  falls  more  rapidly  than  PLR  turbine  efficiency  with  the  addl 
tion  of  bypass  flow.  As  discussed  in  Test  5 (Evaluation  of  Blade  Loading), 
one  reason  the  SLR  turbine  efficiency  was  higher  than  the  PLR  turbine  was 
that  rotor  reaction  for  the  PLR  was  poorer  than  that  of  the  SLR.  It  is 
possible  that  introduction  of  bypass  flow  to  rotor  inlet  hub  Increased  the 
PLR  hub  reaction,  thereby  making  up  for  some  of  the  penalty  Imposed  with  the 
flow  bypassing  the  nozzle.  The  combined  improved  hub  reaction  and  bypass 
flow  penalty  resulted  in  PLR  performance  drop  rate  which  was  less  than  that 
of  the  SLR.  All  four  curves  indicate  an  increasing  rate  of  performance  ae- 
cline  as  the  bypass  flow  Increases. 

TESTS  8 and  9 - EFFECTS  OF  INCREASED  NOZZLE/ROTOR  AXIAL  SPACING  AND  EFFECT 
OF  NOZZLE  BYPASS  FLOW  ON  PERFORMANCE  OF  SLR  TURBINE 

These  tests  were  conducted  to:  (1)  determine  the  overall  turbine  perfor- 

mance with  increased  spacing  between  the  stator  trailing  edge  and  rotor 
leading  edge  from  a nominal  0.25  inch  to  0.45  inch;  and  (2)  determine 
the  effect  on  overall  turbine  performance  of  nozzle  bypass  flow  with  the 
Increased  nozzle/rotor  axial  spacing. 

Test  Configuration 

Nominal  hardware  consisted  of  the  suction  surface  loaded  rotor  (SLR) , the 
turbine  of  Test  5,  and  the  SLR  turbine  with  nozzle  bypass  flow  of  Test  7. 
Three  spacers  were  used  to  Increase  the  nozzle/rotor  axial  spacing  from 
0.25  inch  to  0.45  inch:  (1)  nozzle  inner  shroud  spacer,  (2)  rotor 

shaft  spacer,  and  (3)  exhaust  duct  spacer.  Figure  195  illustrates  the 
turbine  flow  path  with  the  axial  spacers  present. 


Instrumentation  used  was  the  same  as 
that  of  Test  7 (nominal  nozzle/rotor 
axial  spacing  nozzle  bypass  flow  tests). 

Test  Results 

Testing  with  the  Increased  nozzle/ 
rotor  axial  spacing  included:  (1)  the 

turbine  set  at  design  speed  and  pres- 
sure ratio  (n/«75  = 26,010  rpm  and 
P/Ptt  “ ^-2)  while  nozzle  bypass  flow/ 
total  discharge  flow  was  varied  from 
0 percent  to  10  percent,  (2)  turbine 
at  reduced  power  (70  percent  N//R]design 
P/Ptt  ~ 2.5)  with  the  same  variance  of 
bypass  flow,  and  (3)  turbine  running 
conditions  varied  for  a partial  map 
without  the  nozzle  bypass  flow  (data 
at  100  percent,  90  percent  and  70 
percent  design  corrected  speed  over  a 
total-total  pressure  ratio  range  of 
1.8  to  4.2).  Inlet  conditions  were 
set  at  a total  pressure  of  50  in.  Hg 
and  a total  temperature  of  230°F. 

Test  results  are  presented  in  terms  of  loss  in  torque  efficiency.  The  tor- 
que efficiency  calculation  is  (discussed  in  Test  4 - Determination  of 
Cooling  Flow  Losses  on  the  Nominal  PLR  Turbine)  with  energy  Inputs  of  pri- 
mary flow  through  the  nozzle  and  secondary  flow  bypassing  the  nozzle. 

Net  work,  however,  is  based  on  power  from  measured  speed  and  measured  tor- 
que with  windage  correction  (as  discussed  in  Test  2). 

Figures  196,  197  and  198  are  constant  speed  lines  of  change  in  torque  ef- 
ficiency versus  pressure  ratio.  For  a valid  comparison,  nominal  spacing 
data,  the  Test  5 SLR  map,  which  was  generated  with  ambient  inlet  total 
pressure,  was  corrected  with  the  Reynolds  number  effect  equations  (from 
Test  13)  to  correspond  to  an  inlet  total  pressure  of  50  in.  Hg.  Each 
speed  line  is  compared  to  its  respective  speed  line  data  of  Test  5.  Design 
point  (100  percent  N//6]deg£gn  and  P/P^t  “ 4.2)  on  Figure  196  indicates  3.2 
points  loss  In  efficiency  due  to  Increased  axial  spacing.  Minimal  effect 
of  axial  spacing  for  the  100-percent  speed  line  occurs  at  a pressure  ratio 
range  of  2.9  to  3.3  with  a loss  of  2.2  points  in  efficiency.  The  90  per- 
cent speed  line  data  (Figure  197  shows  minimal  effect  at  a pressure  ratio 
range  of  3.4  to  3.7  with  loss  of  2.4  points  In  efficiency).  Figure  198 
(70  percent  N//6  design  line)  Indicates  a wide  pressure  ratio  range  with 
minimal  effect  on  efficiency  from  3.2  to  4.0  and  a loss  of  4.8  percent  In 
efficiency.  At  70  percent  speed  and  P/PtT  “ 2.5  there  Is  a 5.6-percent 
difference  In  efficiency.  This  running  point  corresponds  to  the  reduced 
power  setting  for  the  bypass  flow  data. 
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Figure  194.  Test  7.0  - Effect  of 

Nozzle  Leakage  (Bypass) 
Flow  on  Performance  of 
Two  Rotor  Designs. 
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FLOW  PATH  WITH  INCREASED  NOZZLE/ROTOR  AXIAL  SPACING 


P/N  604686 


Figure  195.  Partial  Inner  Wall  Flow  Path  with  Axial  Spacer. 
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Figure  196.  Tests  8.0  and  9.0  - 
Effects  of  Increased 
Nozzle/Rotor  Axial 
Spacing  and  Effect  of 
Nozzle  Bypass  Flow  on 
Performance  of  SLR  Tur- 
bine. Efficiency  Drop 
Due  to  Spacing  at  Design 
Speed . 


Figure  197.  Tests  8.0  and  9.0  - Ef- 
fects of  Increased  Noz- 
zle/Rotor .\xlal  Spacing 
and  Effect  of  Nozzle  By- 
Pass  Flow  on  Performance 
of  SLR  Turbine.  Efficiency 
Drop  Due  to  Increased 
Axial  Spacing  at  90  Per- 
cent Design  Speed. 


Results  of  the  combined  effects  of  Increased  axial  spacing  and  the  nozzle 
bypass  flow  Injection  are  In  Figure  199.  Note  that  the  nominal  axial 
spacing  data  Is  that  of  the  SLR  turbine  configuration.  The  loss  In  ef- 
ficiency between  nominal  and  increased  axial  spacing  at  0 percent  bypass 
flow  agree  with  values  Indicated  In  Figures  196  and  198.  At  design  speed 
and  pressure  ratio,  the  Increased  axial  spacing  turbine  configuration 
appears  to  be  less  sensitive  to  Introduction  of  bypass  flow  than  the 
nominal  SLR  turbine.  However,  there  was  considerable  scatter  with  In- 
creased axial  spacing  data  at  4 percent  and  6 percent  bypass  flow/ total 
discharge  flow  with  respect  to  the  other  data  points.  Since  these  points 
tend  to  reduce  the  drop  In  efficiency  at  this  range,  the  fitted  curve 
appears  to  show  less  sensitivity  than  the  nominal  SLR  turbine.  If  these 
two  points  are  Ignored,  the  slope  of  the  Increased  axial  spacing  design 
point  data  would  be  similar  to  that  of  the  nominal  SLR  build  at  design. 
Reduced  power  running  condition  data  also  shows  a similar  rate  of  loss 
with  bypass  flow  Injection  for  both  turbine  configurations.  Efficiency 
drop  for  each  curve  la  approximately  linear  up  to  6 percent  bypass  flow. 
Beyond  this  point,  the  rate  of  efficiency  drop  Is  accelerated. 
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Figure  198. 


Tests  8.0  and  9.0  - Ef-  Figure 
fects  of  Increased  Noz- 
zle/Rotor Axial  Spacing 
and  Effect  of  Nozzle  By- 
pass Flow  in  Perfonnance 
of  SLR  Turbine.  Effi- 
ciency Drop  Due  to  In- 
creased Spacing  at  70 
Percent  Design  Speed. 
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199.  Tests  8.0  and  9.0  - Ef- 
fects of  Increased  Noz- 
zle/Rotor Axial  Spacing 
and  Effects  of  Nozzle  By- 
pass Flow  on  Performance 
of  Sm  Turbine.  Effi- 
ciency Drop  Due  to  In- 
creased Spacing  and  By- 
pass Flow  at  Two  Power 
Levels . 


TESTS  10  and  11  - EFFECT  OF  INLET  BOUNDARY  LAYER  AND  DISTORTION  ON  PER- 
FORMANCE OF  NOMINAL  PLR  TURBINE 


The  performance  of  turbine  blade  rows  and  the  stage  can  be  adversely  af- 
fected by  a build-up  boundary  layer  and/or  velocity  gradients  at  state 
entrance.  The  purpose  of  tests  10  and  11  was  to  evaluate  the  effect 
on  overall  performance  of  large  boundary  layers  and  distorted  flow  at 
the  entrance  of  the  nominal  PLR  turbine. 


Test  Configuration 

The  build  consisted  of  a full  round  nominal  nozzle  with  the  pressure  sur- 
face loaded  rotor.  The  build  was  Identical  to  that  used  in  the  PLR  Test 
3 except  for  the  addition  of  boundary  layer  and  distortion  plates  at  the 
nozzle  inlet  (Figure  200).  Turbulence  Intensity  levels  were  artlflcally 
induced  using  a screen  placed  upstream  of  the  nozzle  leading  edge.  The 
turbulence  intensity  was  calculated  from  measured  values  of  bridge  volt- 
age and  RMS  voltage  equipment  described  previously  with  a hot  film  ane- 
mometer which  was  calibrated  in  the  Telcdyne  CAE  flow  facility.  Test 
10  was  conducted  with  turbulence  screening  (nominal  40  x 40  mesh  x 0.012 
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^ ID  BOUNDARY 
jff  DISTORTION  PLATE 
PN604624-3 


NOMINAL  BOUNDARY 
LAYER  PLATES 
ID604624-1 
OD604689-1 


INCREASED  BOUNDARY 
LAYER  PLATES 
ID604624-2 
OD604689-2 


(a)  INLET  BOUNDARY  LAYER  PLATES 


INCREASED  TURBULENCE  — ► 
SCREEN  604623-2 


NOMINAL  TURBULENCE 
SCREEN  604623-1 


DEBRIS  SCREEN 
PN604619 


(b)  INLET  SCREENS 


Figure  200.  Inlet  Flow  Distortion  Devices. 
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diameter  wire)  and  8 percent  blockage  boundary  plates,  on  both  inner 
and  outei  walls,  to  artiiically  induce  a thicker  boundary  layer  at  the 
turbine  inlet.  Test  configuration  11  was  the  same  as  10  except  the  TD 
and  OD  boundary  layer  plates  were  replaced  by  a single  blockage  plate, 
on  the  inner  annulus.  This  plate,  occupying  24  percent  of  the  inlet 
annulus  area  located  1.7  inches  upstream  of  the  nozzle  leading  edge, 
was  used  to  induce  a distorted  turbine  Inlet  velocity  profile.  Plates 
and  a screen  were  located  in  the  same  nozzle  upstream  plane  (Figure 
201). 

Test  Results 


The  inlet  turbulence  measurements  for  Tests  10,  11  and  no  blockage  Test  3 
are  showni  in  Figure  202.  .Much  higher  turbulence  Intensities  are  generated 
near  the  walls  for  all  configurations  tested.  This  is  consistent  with 
data  obtained  from  the  Phase  II  cascade  testing,  and  Relchardt's  data 
from  Schlichting  (Reference  39).  The  addition  of  boundary  layer  or  distortion 
plates  increased  the  turbulence  substantially  along  the  wall  where  they  were 
placed.  The  Phase  II  cascade  testing  showed  a fall  off  of  nozzle  efficiency 
with  increased  turbulence  intensity  and  also  a fall  off  in  performance  with 
a given  screen,  but  differing  boundary  layer  or  velocity  gradient  plates. 

Since  the  plates  themselves  produce  a turbulence  increase,  changes  In  per- 
formance due  to  a singular  variable  such  as  Increased  boundary  layer  could 
be  separated. 

Figures  203  through  205  give  the  total  changes  in  performance  due  to  inlet 
velocity  gradient  or  increased  inlet  boundary  layer  with  the  turbine 
operating  over  a range  of  pressure  ratio  of  100,  90  and  80  percent  speeds. 

Data  is  presented  in  terms  of  decrement  efficiency  change  over  the  nominal 
PLR  stage  performance. 

At  near  design  pressure  ratio  of  4.2  and  100  percent  speed,  1.2  points  in 
efficiency  were  lost  with  increased  boundary  layer  thickness,  whereas  no 
change  was  observed  due  to  a high  outer  wall  velocity  gradient.  As  speed 
is  decreased  at  fixed  design  pressure  ratio,  the  inlet  gradient  also  begins 
to  have  performance  effect;  at  80  percent,  it  results  in  1,7  points  loss 
in  turbine  efficiency.  Table  19  summarizes  some  of  the  observed  perfor- 
mance changes  on  the  PLR  turbine  stage. 

At  off-design  pressure  ratios  in  some  cases  actual  performance  increases 
may  be  noted.  This  is  not  unlike  the  test  data  of  Eisner  and  Porochnlcki, 
Reference  38,  where  increases  in  performance  were  obtained  with  increased 
turbulence  on  rotor  blading  at  high  incidence.  It  was  theorized  that  re- 
duction in  losses  with  Increased  turbulence  occurred  as  a result  of 
elimination  of  local  flow  separation  zones.  At  off-design  there  will  be 
some  operating  conditions  where  Increased  local  gradients  or  boundary  layers 
will  result  in  Improved  rotor  incidence  and  higher  overall  performance. 

In  general  however,  gradients.  Increased  boundary  layer,  and  turbulence  are 
detrimental  to  performance. 
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Figure  201.  ASATT  Phase  III  Turbine  Rig. 
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Figure  202.  Tests  10  and  11  - Dis- 
tribution of  Induced 
Turbulence  at  Turbine 
Inlet. 


Figure  203.  Effect  of  Inlet  Distor 
tlon  Plate  on  Overall 
Efficiency. 
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Figure  204.  Effect  of  Inlet  Distor-  Figure  205. 
tlon  Plates  on  Overall 
Efficiency. 


Effect  of  Inlet  Distor- 
tion Plates  on  Overall 
Efficiency. 
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TABLE  19 


PERFORMANCE  CHANGES  DUE  TO  INCREASED  INLET  BOUNDARY 
OR  INCREASED  OUTER  WALL  GRADIENTS  AT  TURBINE 

INLET 


■ 

Efficlencv  Loss  - Points 

Test 
No . 

Parameter 

Change 

Pressure 
Rat  io 

100  Percent 
Speed 

40  Percent 
Speed 

80  Percent 
Speed 

10 

Increased 
Boundary  Layer 
Both  Walls 

4.2 

-1.2 

-1.6 

-1.8 

11 

Increased  Outer 
Wall  Velocity 
Gradient 

4.2 

0 

-0.7 

-1.7 

TEST  12  - EFFECT  OF  DECREASED  ROTOR  SOLIDITY  ON  PERFORMANCE  OF  PLR  TURBINE 

The  purpose  of  this  test  is  to  determine  the  effect  of  reduced  solidity  on 
turbine  performance. 

Test  Configuration 

The  turbine  stage  assembly  and  instrumentation  is  identical  to  that  of 
Test  3 with  the  exception  of  the  rotor.  For  this  test,  the  reduced  solidity 
rotor  (Figure  130)  was  Installed.  The  blade  sections  and  orientation  of 
this  rotor  are  the  same  as  those  of  the  nominal  solidity  with  the  only 
difference  being  32  vs  41  blades  to  obtain  a 22-percent  reduction  of  chord 
to  pitch  ratio.  Nominal  blade  tip  to  shroud  radial  clearance  was  0.011 
inch. 

Test  Results 


To  obtain  a direct  comparison  of  stage  performance  between  the  nominal  and 
reduced  solidity  rotors,  a partial  performance  map  was  generated.  Figure 
206  compares  this  data  to  that  of  the  nominal  solidity  rotor  on  an  ef- 
ficiency change  vs  isentroplc  velocity  ratio  plot  at  a constant  stage 
total-to-total  pressure  ratio.  All  of  the  data  is  normalized  for  airflow 
variation  and  corrected  for  Reynolds  number  effect  (per  Test  13)  to  a 
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Figure  206.  Test  12  - Effect  of  Rotor 
Solidity,  PLR  Rotor. 


common  turbine  inlet  pressure  of  one 
atmosphere.  The  results  indicate: 

a.  A 22-percent  reduction  of 
solidity  from  the  nominal  41- 
blade  configuration  yields  a 
nearly  a four-point  reduction 
of  stage  efficiency  at  design 
isentropic  velocity  ratio. 

b.  The  use  of  Zweifel's  loading 
criteria,  Reference  40 , for 
setting  optimum  solidities  is 
verified  to  the  extent  that 
performance  dropped  vhen  a 
solidity  less  than  that  sug- 
gested by  Zweifel  was  treated. 

c.  The  data  also  shows  that  the 
performance  decrement  Increases 
to  approximately  six  points 
when  shaft  speed  is  reduced  to 
75  percent  design;  this  indi- 
cates an  Increased  sensitivity 
to  Incidence  angles  at  the 
rotor  blade  leading  edge. 


TEST  13  - REYNOLDS  NUMBER  EFFECT  ON  PERFORMANCE 


Dimensional  analysis  indicates  that  gas  turbine  efficiency  for  a given  un- 
cooled configuration  is  primarily  a function  of  three  parameters:  total-to- 
total  stage  pressure  ratio,  corrected  shaft  speed,  and  Reynolds  number. 
Compared  to  the  effect  of  speed  and  pressure  ratio,  the  effect  of  Reynolds 
number  is  very  small,  with  considerable  uncertainty  as  to  the  basis  and 
accuracy  of  its  prediction.  The  purpose  of  this  test  was  to  determine  the 
effect  of  Reynolds  number  on  the  Phase  III  ASATT  turbine  performance. 

Test  Configuration 

In  this  test,  the  two  rotors,  pressure  (PLR)  and  suction  (SLR)  surface 
loaded  blades,  were  tested  individually  In  the  full  round  stage  assembly. 
Axial  spacing  between  the  nozzle  trailing  edge  and  the  rotor  was  the  design 
0.25  inch  with  nominal  tip  clearance  (static)  measured  at  0.012  inch  and 
0.013  inch  for  the  PLR  and  SLR  rotors  respectively. 

Test  Results 


Prior  to  each  test  the  turbine  test  facility  was  heated  to  a stable  220-230®F 
inlet  temperature.  This  was  followed  by  progressive  increases  of  pressure 
ratio  and  shaft  speed  until  the  specified  nominal  data  conditions  of  P1/P9  « 
4.0  and  N//5^r  ” 26,010  rpm  were  attained.  Seventy-eight  complete  data 
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scans  were  taken  at  three  inlet  pressure  levels  of  14.7,  20.0  and  24.6  psia. 

The  averaged  results,  based  on  torque  data,  are  shown  In  Figure  207.  The 
results  indicate  that: 

a.  Turbine  stage  efficiency  increases  with  Increasing  Reynolds  number. 

With  the  above  variation  of  inlet  pressures  from  14.7  to  24.6 
psia,  the  Reynolds  number,  based  on  the  axial  chord  as  the  char- 
acteristic dimension,  varied  from  3.3  to  5.5  x 105  and  0.7  to  1.3 

X 105  for  the  nozzle  and  rotor  respectively.  Corresponding  to 
this  change  in  Reynolds  number,  the  stage  incremental  efficiency 
Increase  was  1.7  percent  and  0.9  percent  for  the  PLR  and  SLR  rotors 
respectively.  This  is  a factor  of  nearly  two  between  the  change 
on  the  PLR  vs  SLR  rotors  and  is  attributed  partly  to  data  scatter 
and  to  the  fact  that  the  SLR  is  operating  at  a higher  efficiency  level. 
For  equal  changes  in  Reynolds  number,  the  higher  efficiency  rotor 
is  expected  to  reflect  smaller  changes  in  efficiency  due  to  the 
reduced  margin  between  operating  and  ideal  efficiencies. 

b.  A fit  of  the  PLR  data  with  a power  function  (1  - T ) a (Nr)”  yields 
a value  of  the  exponent  of  the  Reynolds  number  of  -0.123.  This 
compares  favorably  with  Alnley's  (Reference  10)  empirical  corre- 
lations of  turbine  stage  efficiency  variation  with  Reynolds  numbers 
above  0.5  x 10^.  For  comparative  purposes,  Ainley's  proportionality, 

(1  - V ) a (Np)“®‘^,  is  also  shown  through  the  PLR  data  (Figure  207) 
and  indicates  higher  efficiency  gains  with  increasing  Reynolds 
numbers  due  to  the  larger  exponent  on  Nr.  For  the  same  Reynolds 
number  change  as  in  (a)  above,  Ainley  predicts  a 2. 6-percent  in- 
crease or  55  percent  greater  change  in  efficiency  than  by  (1  - v)  <* 
(Nr)“^'^23  foj.  tfje  PLR  rotor. 

c.  Extrapolating  to  design  Reynolds  number  with  the  above  -0.123  ex- 
ponent on  Nr  yields  efficiencies  of  0.77  and  0.788,  for  both  the 
PLR  and  SLR  rotors  respectively. 

PHASE  III  DATA  EVALUATION 

Thirteen  separate  tests  were  conducted  on  three  turbine  configurations, 
evaluating  the  following: 

P,  A.  Baseline  Performance  - Pressure  Side-Loaded  Rotor  (PLR) 

a.  Nozzle  performance  with  and  without  cooling 

b.  Disc  windage,  bearing  losses  and  rotor  coolant  pumping 

c.  Stage  performance  without  cooling  flow 

d.  Stage  performance  with  cooling  flow 

e.  Stage  performance  with  inlet  boundary  layer  and  distortion 

f.  Stage  performance  with  decreased  rotor  solidity 

B.  Effect  of  Blade  Shape  - Suctlon-Slde-Loaded  Rotor  (SLR) 
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C.  Effect  of  Inter-Blade  Row  Leakage 
or  Disk  Cooling  on: 

1.  SLR  turbine  stage 

2.  PLR  turbine  stage 

D.  Effect  of  Increased  Axial  Spacing 
Between  Turbine  Nozzle  and  Rotor 

1.  SLR  turbine  stage  without 
Inter-blade  row  leakage 

2.  SLR  turbine  stage  with  inter- 
blade  row  leakage 

E.  Reynolds  Number  Effect  on  PLR  and 
SLR  Stage  Performance 

Table  20  summarizes  the  test  results 
and  gives  relative  performances  of  the 
configurations  and  a comparison  to 
design  values.  Wherever  applicable, 


Figure  207.  Test  13  - Reynolds  Num-  data  is  presented  at  100  percent  re- 
ber  Effect  on  Perfor- 
mance. 


ferred  speed,  design  referred  work, 
and  design  Reynolds  number.  For  a 
given  turboshaft  engine  application, 
the  gas  generator  turbine  must  produce  its  design  work  during  the  develop- 
ment phase  even  if  efficiency  levels  are  well  below  targets.  The  comparisons 
in  Table  20  were,  therefore,  made  at  design  work  rather  than  at  design 
total-to-total  pressure  ratio. 


The  best  efficiency,  78.8  percent,  was  shown  by  the  SLR  stage  and  was  2.3 
points  higher  than  the  PLR  stage.  This  turbine  produced  a limit  load  work 
aH/©cj-]ll  “ 34.6  Btu/ lb  or  3.6  percent  more  than  the  design  requirement. 
Cooling  Injection  tests  showed  a 0.05-polnt  loss  in  stage  efficiency  for 
each  percentage  of  nozzle  cooling  and  a 1.1-polnt  loss  In  efficiency  for 
each  percentage  Increase  In  rotor  coolant.  Inter-blade  row  leakage  or  front 
disk  cooling  flow  additionally  penalizes  the  stage  performance  at  a rate  of 
0.65  point  In  efficiency  per  percentage  of  coolant. 


The  stage  performance  was  very  sensitive  to  the  axial  spacing  between  the 
rotor  and  nozzle.  A loss  of  3.2  points  In  efficiency  was  Incurred  by 
doubling  the  axial  spacing  (trailing  edge  of  the  nozzle  to  leading  edge  of 
the  rotor)  from  0.25  to  0.45  inch.  This  high  loss  Is  partially  attri- 
butable to  an  Irregularity  of  the  hub  flow  path  when  the  axial  spacer  is 
in  place.  Since  the  rotor  hub  is  flared,  the  flow  path  geometry  is  aero- 
dynamlcally  optimum  at  only  one  design  axial  spacing  of  0.2  Inch.  The 
free  vortex  nozzle  space  mixing  losses  are  also  high  due  to  high  Mach 
numbers  and  radial  static  gradients  Imposed  by  turbine  design  requirements. 


The  stage  performance  was  comparatively  Insensitive  to  Inlet  velocity 
gradients  and  Inlet  boundary  layer.  A loss  of  only  1.2  points  In  ef- 
ficiency was  Incurred  by  the  placement  of  8 percent  ID  and  OD  blockage 
plates  (total  annulus  blockage  of  16  percent)  at  a station  of  1.7  Inches 
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upstream  of  the  nozzle  leading  edge.  A 24-percent  blockage  at  the  ID  only 
did  not  change  performance  measurably. 

V?hen  PLR  rotor  solidity  was  reduced  22  percent,  the  efficiency  dropped  3.7 
points,  Indicating  that  the  use  of  Zwelfel's  loading  criteria  was  reasonable 
for  the  design.  A similar  trend  was  found  In  the  Phase  II  cascade. 

Reynolds  number  effect  on  the  stage  was  evaluated  by  Inlet  pressure  Increases 
from  atmospheric  to  effect  a Reynolds  number  increase  from  0.41  to  0.7  of 
design.  The  test  data  was  found  to  fit  a power  function  of  (1  - ) a Nr 
-0.123,  as  compared  to  Ainley's  (Reference  10)  empirical  correlation  (1  - v ) 

« Nr  This  factor  accounts  for  some  of  the  difference  between  the 

predicted  and  the  test  efficiency  of  1.4  points  of  the  SLR  stage.  Test  5. 
Surveys  and  calibration  conducted  In  Test  1 showed  the  nozzle  to  be  small 
with  respect  to  design  by  6.4  percent.  The  nozzle  Mach  number  was  also 
measured  high  with  respect  to  design  and  resulted  in  a low  rotor  reaction. 
Although  the  nozzle  mass  average  loss  coefficient  was  measured  to  be  14 
percent  lower  than  design,  higher- than-design  losses  were  concentrated  in 
the  nozzle  hub  on  the  suction  side  of  the  vane,  indicative  of  a localized 
vortex.  The  high  nozzle  hub  loss  and  small  nozzle  throat  area  were  strong 
contributors  to  a nozzle-to -rotor  mismatch  and  stage  Inefficiency.  A high 
hub  loss  region  was  also  found  in  the  Phase  II  cascade  testing  of  a similar 
meridional  wall  constriction  nozzle. 

The  nozzle  loss  data  obtained  in  Phase  II,  Sector  Cascade  Investigations, 
obtained  by  combining  the  results  from  the  momentum  transfer  data  and 
survey  data,  also  showed  under turning  in  the  hub  regions.  Therefore,  the 
constant  section  Phase  II  nozzle  was  modified  for  Phase  III  to  Improve 
hub  deficiency.  This  was  done  by  maintaining  the  existing  efficient  tip 
sections  and  recontouring  the  lower  half  of  the  hub  suction  side  to  reduce 
afterthroat  turning.  The  hub  sections  were  also  restaggered  for  greater 
turning  and  the  vane  lean  was  also  adjusted  so  that  the  traillng-edge  line 
would  project  through  the  turbine  rotational  centerline. 

The  Phase  III  (full-round  nozzle  performance  evaluation)  survey  data  showed 
that  the  high  hub  loss  was  still  present;  however,  the  average  loss  was 
lower  than  the  design  value  (and  lower  than  the  Phase  II  nozzle).  In  addi- 
tion, the  Phase  III  nozzle  turned  out  to  be  6.4  percent  smaller  than 
the  design  Intent. 

The  combination  of  high  hub  region  losses  and  small  throat  contributed  to 
a nozzle-to-rotor  aerodynamic  mismatch  causing  the  rotor  hub  to  operate  at 
a low  reaction  level. 


211 


Several  factors  complicate  the  analysis  to  describe  the  flow  analytically; 
namely,  the  relatively  high  Mach  number  (1,4),  the  large  effect  that 
secondary  flow  has  on  the  small  passage,  and  the  highly  three-dimensional 
nature  of  the  flow  passage  (meridional  profiling).  In  Phase  IV,  the  dis- 
tribution of  the  throat  area  is  varied  to  Improve  the  reaction  distribution 
of  the  turbine  state,  using  a compressible  stream  filament  solution  of  the 
flow  and  incorporating  the  measured  loss  distributions  of  Phase  III. 

Some  of  the  problems  associated  with  the  Phase  III  turbine  stage  testing 
are  discussed  in  Appendix  E. 
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PHASE  IV  - DESIGN  TECHNIQUE  ASSESSMENT 


OBJECTIVES 


Based  on  the  data  generated  in  Phase  II  Cascade  Testing  and  Phase  III  Full 
Round  Tests,  the  objectives  of  the  Phase  IV  effort  were  to  Integrate  the 
available  test  data  and  empirical  correlations  Into  the  existing  design 
technique  and  to  establish  more  valid  design  procedures  for  advanced  small 
axial  cooled  turbines. 

REVIEW  OF  AVAILABLE  LOSS  SYSTEMS  AND  DATA  - ANALYTICAL  AND  EXPERIMENTAL 


The  design  of  advanced  turbines  can  be  viewed  from  the  standpoint  that  to 
achieve  high  performance  one  must: 

A.  Have  the  ability  to  predict  conventional  losses. 

B.  Apply  aerodynamic  processes  to  the  blade  design  (profile  shape, 
loading,  radial  distribution)  and  have  proper  profiling  of  the 
meridional  flow  path  for  loss  reduction. 

These  methods  can  all  be  traced  to  some  form  of  boundary  layer  flow  con- 
trol. 

It  has  been  determined  by  previous  Investlatlons  (Reference  29)  that  the 
majority  of  losses  occurring  In  a turbomachine  are  directly  linked  to 
boundary  layer  growth.  Hence,  to  understand  the  various  phenomena  occur- 
ring in  a turbomachine  from  the  standpoint  of  aerodynamic  performance, 
and  to  have  the  ability  to  apply  this  knowledge  to  preliminary  and  final 
design  calculations,  an  understanding  of  fluid  boundary  layer  behavior 
Is  required.  However,  this  problem  has  been  very  elusive  due  to  the  com- 
plex nature  of  the  flow.  The  complete  description  of  even  two-dimensional 
Incompressible  turbulent  boundary  layer  flow  over  a flat  plate  under  strong 
adverse  pressure  gradients  Is  not  complete,  as  was  observed  by  many  investi- 
gators (Reference  26).  In  flow-through  turbine  cascades,  the  flow  Is  mostly 
of  the  accelerating  type,  and  hence  boundary  layer  analysis  becomes  practi- 
cally applicable. 

The  object  of  the  research  was  to  aid  In  establishing  Improved  loss  com- 
puting methods  as  based  on  fundamental  fluid  behavior  when  applied.  In 
particular,  to  small  gas  turbine  engines. 

One  of  the  most  widely  used  methods  today  is  the  Alnley  and  Mathieson  pro- 
cedure (Reference  9)  which  has  gained  favor  because  of  Its  simplicity  and 
relatively  good  accuracy  (for  large  machines).  Its  success  is  based  on  the 
fact  that  only  vector  triangles  and  basic  turbine  geometric  data  are  required 
for  computation.  This  makes  it  a valuable  tool  in  preliminary  design  cal- 
culations. However,  the  method  Is  basically  empirical  In  nature  and  cannot 
properly  reflect  new  blading  designs.  This  method  Is  good  only  under  the  re- 
strictions for  which  the  data  are  taken  and,  therefore,  by  Its  application 
Is  limited. 
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Another  widely  used  procedure  to  estimate  turbine  efficiency  is  to  relate 
turbine  blade  loss  characteristics  to  turbine  mean  section  velocity  dia- 
grams (References  5 and  6).  An  alternate  approach  using  meanline  para- 
meters is  to  consider  a breakdown  into  individual  losses  such  as  profile, 
secondary,  traillng-edge  wakes,  Reynolds  and  Mach  number,  and  Incidence,  and 
to  correct  for  annulus  and  tip  clearance  effects.  Extensive  data  on  this 
approach  is  presented  in  References  11,  12,  13,  14,  16  and  17. 

Dunham  and  Came  (Reference  18)  made  improvements  to  the  Ainley-Mathleson 
prediction  technique  to  better  account  for  secondary  and  tip  losses. 

Figure  3 shows  a comparison  of  predicted  and  test  results  (Reference  16). 
Burrows  (Reference  19)  also  did  extensive  testing  and  correlated  data  on 
the  low  aspect  ratio  stator  of  Reference  16  for  Improvements  in  efficiency 
prediction. 

NREC  (Reference  20)  was  contracted  to  do  cascade  testing  on  the  same  family 
of  turbines.  They  chose  a rectilinear  cascade  and  concluded  that  short 
blades  were  more  efficient.  However,  the  data  also  showed  that  small  ir- 
regularities (0.001  in.  step-in  flow  path  and  small  leakages)  were  found  to 
increase  total  loss  coefficients  by  as  much  as  a factor  of  five.  The  method 
of  defining  the  loss  coefficients  from  a simple  survey  can  also  lead  to 
very  poor  accuracy  (Reference  21)  and  makes  this  data  suspect. 

The  location,  amount,  and  type  of  cooling  Injection  influence  aerodynamic 
losses.  Some  of  the  most  recent  studies  are  given  in  References  21-25. 

Boundary  layer  and  end  wall  effects  have  been  examined  theoretically  and 
semlemplrlcally  (References  26-31).  Agreement  between  test  and  theory 
is  difficult  to  achieve  with  three-dimensional  flows,  blade  row  interactions, 
and  high  Mach  number  effects.  Inlet  boundary  layer  and  distortion  effects 
under  adverse  pressure  gradients  in  small  channels  are  not  documented,  or  data 
is  scarce.  Launder  (Reference  28)  presents  data  showing  laminar Izat ion  of 
the  boundary  layer  flow  in  highly  accelerating  channels,  and  Turbine  (Re- 
ference 27)  concludes  that  the  endwall  boundary  layer  inside  a stator  pas- 
sage is  essentially  independent  of  the  boundary  layer  entering  the  cascade. 

Design  and  test  of  a highly  loaded  turbine  is  given  in  References  32-34. 
Boundary  layer  analysis  is  used  to  define  blade  and  wall  shapes,  and  tests 
demonstrate  the  high  performance  capabilities.  High  aspect  ratios,  thin 
trailing  edges,  and  thin  airfoils  characteristic  of  the  large  uncooled 
turbofan  turbine  could  not  be  used  in  a small  cooled  machine.  The  approach 
shows  potential,  but  application  of  a simple  free-vortex  turbine  in  the 
same  flow  path  and  with  the  same  mean  velocity  triangles  is  projected  to 
produce  the  same  efficiency  as  the  test  forced  vortex  turbine  of  Reference  32. 

Allison,  under  contract  to  NASA  (Reference  35),  performed  fundamental  cascade 
and  full-round  testing  on  a high  work  factor  (Or  “ 5.5)  turbine  using  vor- 
tex plow  generators,  tandem  blading  tangential  blowing,  and  jet  flaps.  They 
showed  that  the  jet  flap  has  significant  potential  for  Improved  performance 
in  cooled  and  uncooled  configurations. 
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Turbulence,  Intensity  and  Reynolds  number  effects  on  cascade  losses  are 
given  in  References  37  and  38.  Interestingly,  stator  losses  were  found  to 
increase,  whereas  rotor  losses  decreased  with  increases  in  inlet  turbulence. 
Decreased  rotor  losses  were  attributed  to  a reduction  of  off-design  inci- 
dence. Test  data  on  this  subject  is  scarce. 


DESCRIPTION  OF  DESIGN  TECHNIQUE 

The  design  procedure  used  in  the  Phase  I effort  used  a streamline  curvature 
method  with  a variable  work  distribution  and  entropy  gradient  in  the  radial 
direction  applied  to  the  basic  turbine  flow  path  (Reference  1). 

The  detail  design  required  loss  buckets  at  each  station,  local  cooling  in- 
fluences, meridional  constriction,  inlet  temperature/pressure  gradients, 
axial  spacing,  boundary  layer,  and  radial  work  distribution  effects. 


The  loss  analysis  system  Incorporated: 

Profile  losses  (t/c,  deflection,  reaction,  solidity) 

Mach  number  losses 
Traillng-edge  losses 
Incidence  losses 
Reynolds  number 
Tip  clearance  effects 
Endwall  losses 
Cooling  losses 

The  computerized  design  point  program  used  was  essentially  an  outgrowth 
and  modification  of  the  Ainley  blade-loss  treatment.  One  of  the  more  im- 
portant modifications  that  allowed  a better  agreement  of  predicted  to  exper- 
imental efficiency  on  short-blade  turbines  was  that  of  secondary  loss  and 
the  sum  of  incidence,  profile,  clearance,  trailing  edge,  and  disk  losses. 
Data  were  accumulated  on  a number  of  recent  turbine  stages,  covering  a 
broad  range  of  blade  geometries.  The  information  was  then  correlated  as  a 
function  of  mean  deflection  angle,  solidity  and  aspect  ratio,  based  on  the 
expression  given  in  Reference  15. 


AY** 

h/c 

CL 

N 

R 


= Correlation  secondary  loss  factor 

» Blade  height-to-chord  ratio 

= Lift  coefficient  of  the  blade 
= Subscript  for  nozzle 

* Subscript  for  rotor 


Nozzle  data  was  found  to  correlate  as: 

AY**  » 0.077  - 0.085  Cln  + 0.0035  Cln^  - 0.00486  Cln^ 

Cln 

1.0  S C^N-  2.60 
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The  rotor  was  found  to  correlate  as: 

4 

AY**  = 0.368  - 0.281  Clr  + 0.076  Clr2  _ q.OO?  Clr3 

Clr 

1.0  < Clr  V 4.1 

Figure  208  shows  a comparison  of  predicted  and  experimental  efficiencies  of 
18  different  uncooled  turbines.  The  range  of  geometry  covered  by  the 
analysis  is  demonstrated  by  the  following  parameters: 


Blade  height  h 

Solidity  <r 

Aspect  Ratio 

c 

Blade  helght-to-throat  h 

opening  ratio  do 

Wheel  tip  diameter  d 

Flow  parameter  ^ 


S60 

Single  stage  specific  work  AH 

Mcr 


0.1  to  3.5  in. 
0.97  to  2.6 
0.34  to  3.3 

1.1  to  5.3 

4.0  to  22  in. 

54  to  3700  lb  rev 
sec^ 

8.8  to  29  Btu 
lb 


A cooling  injection  analysis  program  that  uses  the  output  of  an  uncooled 
design  point  program  as  input  was  used  to  determine  incremental  loss 
variations  for  air  cooling  of  turbine  shrouds,  disk,  vanes  and  blades. 
Calculations  were  made  by  assuming  that  mixing  occurs  over  a small  distance 
at  the  point  of  injection  of  the  cooling  air.  Vertical  components  of 
velocity  with  respect  to  streamline  were  assumed  to  contribute  no  axial  or 
angular  momentum.  In  the  case  of  a rotor,  pumping  losses  were  also  ac- 
counted for  by  an  assumption  of  pumping  efficiency  for  the  cooling  flow  and 
a subroutine  to  calculate  pressure  and  temperature  rise  to  the  point  of 
injection.  The  mixing  solution  is  an  iterative  procedure  involving 
equations  of  continuity,  conservation  of  energy  and  conservation  of  angular 
and  axial  momentum  (Ref . 55)  . Treatment  is  similar  to  Shapiro's  influence  coef 
dent  methods  for  constant  static  pressure  mixing. 

Within  this  program  the  governing  equations  that  account  for  the  mixing 
of  coolant  mass  with  mainstream  flow  are  as  follows.  Results  on  the  ef- 
fect of  coolant  flow  injection  through  the  rotor  and/or  stator  are  pre- 
sented in  Figure  63. 

1.  Energy  Balance: 

(m  Cp  To)m  ^p  ^o^l  “ ^**'m  ™l)  (^p  ^o)f 

Where: 


m - Mass  Flow  Rate 
Cp  - Specific  Heat 
Tq  - Stagnation  Temperature 

and  the  subscripts  ra,  1 and  f,  respectively,  stand  for  mainstream 
flow,  injected  flow  and  final  mixing  states. 
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2.  Stagnation  Pressure  Change: 
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Static  Pressure  Change: 


dT 

j (1 


dPo  2 

Po  " 


Where : 


Q _ V'  cos/?  \ dW  dTo 

V W 2To 


V = Total  V'eloclty  of  Injected  Flow 

V = Total  Velocity 

P = Angle  Between  V and  V' 


3.  Static  Pressure  Change: 


-^(1  - m2  sln2 


)kM2  sln2CT 


- (1  + 


a ) = 

1 M2'v/dToV„2  , 2 
— M ll-rr-iKM  sin  a 

\ ^°J 

- 1,  ,,„22„j 

(-kM^  cos2rt)l^+(kw2  )(1  -y^ )^1 

^ ^ W j 


— + (I  -y  ) ^ 
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Figure  208.  Comparison  of  Teledyne 
CAE  Predicted  and  Ex- 
perimental Turbine  Ef- 
ficiencies. 


x[l  + (k  - 1)  sin’^a  ] 

Where : 

Tx  = Meridional  Injection 
Velocity  Ratio 
^0  = Azimuthal  Injection 
Velocity  Ratio 

® = Flow  Angle  Measured  from 
Azimuthal  Direction 


M'^  sin*^  a ) = 


f.  1 \ w2  . 2 

- (k  - 1)  M^  - — I 


+ ( 1 - kM2  sin2  a ) 


1 + m2 


+ (k  - 1)  m2  cos2  <j  (1  - k>l2  sin2  a ) 


dTo 

To 


(k  - 1)  M-^  sin-o 


Jl2  cos2  O’  ) “ + kl.  sin2(»  (1  - y ) 

r X w 
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5.  Equation  of  State: 

P = RT 
f> 


The  predicted  average  stage  loss  distribution  of  the  ASATT  turbine  (no 
cooling)  as  given  in  Figure  209  was  biased  in  the  radial  direction  to  re- 
flect high  endwall  losses  and  high  rotor  hub  losses  due  to  loading  and  low 
reaction.  The  distribution  of  the  losses  was  determined  by  an  Iterative 
process  on  velocity  triangles  whereby  the  turbine  flow  path  was  broken  Into 
four  streamtube  turbines.  The  one-dimens  ional  loss  prediction  technique 
was  applied  to  each  stream  tube  with  the  assumption  of  zero  secondary  loss 
occurring  in  the  two  middle  streamtube  turbines  and  all  secondary  losses 
incurred  in  the  hub  and  tip  streamtubes.  With  the  radial  distribution  of 
losses  defined,  the  streamline  curvature  solution  was  then  applied  with  the 
number  of  streamtubes  increased  to  ten.  The  predicted  turbine  efficiency 
was  80.2  percent  at  the  hot  engine  design  conditions. 

The  Phase  II  Cascade  and  Phase  III  Full  Round  Tests,  References  2 and  3, 
provided  verification  data  for  the  design  technique  and  Inputs  for  improve- 
ment of  the  system.  In  total,  38  tests  were  conducted  on  the  cascade  and 
thirteen  tests  on  three  turbine  configurations  in  full-round  investigations. 
The  baseline  SLR  rotor  tested  at  78.8  percent  efficiency  or  1.4  points 
below  prediction  and  6.4  percent  low  in  flow.  Survey  data  and  calibrations 
showed  the  nozzle  to  be  small  by  6.4  percent,  thereby  accounting  for  the 
flow  deficiency. 

Since  the  nozzle  was  undersize,  part  of  the  1.4  points  in  stage  inefficiency 
could  be  attributable  to  nozzle/rotor  mismatch.  The  accuracy  of  the  in- 
strumentation for  efficiency  measurement  is  + 1.2  points.  The  prediction 
given  by  the  design  technique  for  this  particular  configuration  is  therefore 
within  the  accuracy  of  measurement  and  was  considered  to  be  adequate. 

A number  of  other  effects  on  turbine  performance  were  experimentally  evalu- 
ated that  are  not  considered  in  the  modified  Ainley  loss  treatment  in  the 
Phase  II  and  Phase  III  test  program.  Obtaining  generalized  data  applicable 
to  all  turbine  designs  was  beyond  the  scope  of  the  present  contract;  how- 
|»  ever,  certain  trends  and  observations  can  be  made:  (Reference  Phase  IT 

and  Phase  III  for  details). 

MERIDIONAL  CONSTRICTION 

Four  nozzle  meridional  wall  constriction  geometries  were  evaluated.  Figure 
73.  Cylindrical  walls  gave  the  poorest  efficiency,  83.5  percent  (?  M » 1.24. 
Double  constriction,  inner  and  outer  walls  configuration  3,  showed  little 
or  no  Improvement  (Figure  105).  This  effect  can  be  compared  with  the  find- 
ings of  Delch,  Reference  41. 

Figure  37,  from  Reference  41,  shows  performance  gains  of  outer  constricted 
walls  over  cylindrical  walls  as  a function  of  Lq  - where: 
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l.Q  = flow  path  height  at  nozzle  inlet 
L]^  = flow  path  height  at  nozzle  exit. 

Coni igurat ion  3 with  I4  = 0.367  inch 
and  Lq  - = 0.844  would  fall  in  the 

region  of  no  return  on  Figure  37. 
Although  the  Delch  data  was  obtained 
on  outer  wall  meridional  constriction 
only,  the  ASATT  configuration  3 data 
confirms  the  trend  of  little  or  no 
Improvement  for  large  constriction 
values  of  Lq  - Li . Configuration  2 

lT~ 

showed  a substantial  improvement  over 
cyclindrical  walls  with  a test  nozzle 
efficiency  of  89.1  at  the  design  Mach 
number.  This  improvement  in  terms  of 
pressure  loss  is  over  four  percent 
and  substantially  greater  than  would 
be  predicted  by  the  Delch  curve. 

Configuration  4 with  a more  rapid  con- 
striction near  the  throat  gave  an  improvement  of  roughly  two  percent  and 
falls  close  to  the  prediction  of  Figure  37.  It  may  be  concluded  that  Figure 
37  is  adequate  to  predict  meridional  constriction  gains  on  the  nozzle  for 
preliminary  design  with  additional  Improvements  obtainable  by  detail  design 
and  cascade  verification. 

NOZZLE  F3CIT  MACH  NUMBER 

The  nozzle  efficiency  is  correlated  as  a function  of  Mach  number  in  Figure 
114.  The  general  trend  for  all  configurations  was  to  Increase  efficiency 
at  a decreasing  rate  with  Mach  number.  At  lower  exit  Mach  numbers,  M ^ 0.8, 
the  flow  losses  may  be  expected  to  be  high  due  to  near  throat  shock  losses 
and  shock  boundary  layer  separation  on  the  suction  side.  At  the  higher 
exit  Mach  numbers,  M = 0.8  to  M = 1.3,  the  shock  becomes  more  oblique 
more  of  the  nozzle  passage  flows  full  (suction  side  flow  reattacliraent) . 

With  near-constant  shock  boundary  layer  losses,  efficiencies  peak  out  at 
M^l.3,  as  trailing  edge  shocks  and  mixing  losses  become  predominate 
with  higher  Mach  numbers. 

The  nozzle  efficiency  correlations  obtained  are: 

Cylindrical  Wall  Configuration  1 

V - 2.984  + 120. IM  - 43.93m2;  1.0  l M < 1.3 

Outer  Constriction  Configuration  2 (same  as  Phase  III) 

q - -498.7  + 1304m2  _ 960. 1M3  + 226. 8M^;  1.05  L M ^1.4 
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Figure  209.  Division  of  Total  Pres- 
sure Loss  by  the  Tele- 
dyne CAE  Loss  System. 


Outer  Wall  Constriction  Configuration  4 

V = -0.016  + 120. IM  - 43.93M^;  0.8  < M < 1.2 

INLET  TURBULENCE 

Inlet  turbulence  effects  on  the  best  cascade  nozzle  configuration  2 are 
given  in  Figure  120.  An  increase  in  mldspan  turbulence  intensity  from 
four  percent  to  six  percent  reduced  the  nozzle  efficiency  by  eleven  points 
to  an  efficiency  of  80  percent  at  design  Mach  number. 

This  same  nozzle  was  tested  in  a full  stage  at  several  inlet  turbulence 
intensities.  Figure  202.  In  addition  to  having  a high  turbulence  intensity 
screen,  Test  11,  Phase  III  was  conducted  with  a 24-percent  inner  wall 
blockage  plate  resulting  in  an  average  turbulence  intensity  of  7.1  percent. 

At  design  point  no  change  in  stage  performance  was  found  from  the  baseline 
Test  3,  Pliase  III,  which  had  an  average  inlet  turbulence  intensity  of  four 
percent . 

Differences  between  cascade  and  full  round  testing  turbulence  effects  are 
partially  attributable  to  Reynolds  numbers.  The  cascade  tests  were  con- 
ducted at  high  exit  Nr  ^ (4 ”75  to  6)  x 10^,  whereas  stage  tests  were  con- 
ducted at  low  Nr  = (1.7  to  2.85)  x 10^.  Reference  15  showed  that  at  low 
Reynolds  number,  the  effect  of  increased  turbulence,  T,  was  to  improve  the 
efficiency  of  a cascade  row.  However,  Reference  38  shows  nozzle  cascade 
losses  increasing  with  T » 0.7  to  4.8  percent  and  Nr  = 6.1  x 105  down  to 
Nr  = 2.8  X 1Q5  and  T = 15.4  to  20.4  percent. 

Turbine  stage  performance  is  further  complicated  by  multiple  blade  row 
interaction,  and  insufficient  data  is  available  to  generalize  a loss  vari- 
ation with  turbulence  intensity.  The  ASATT  tests  and  data  in  the  open 
literature  suggest  that  a turbulence  loss  correlation  should  have  a strong 
dependency  on  Reynolds  number. 

INLET  BOUNDARY  LAYER  AND  FLOW  DISTORTION 

Nozzle  cascade  test  results  on  inlet  boundary  layer  and  flow  distortion 
are  summarized  in  Figure  124.  Substantial  decreases  in  nozzle  efficiency 
were  incurred.  The  use  of  a 9-percent  span  blockage  plate  on  the  inner 
wall,  for  example,  produced  a decrement  in  nozzle  efficiency  of  4.1  per- 
cent, whereas  a similar  outer  wall  plate  produced  a smaller  decrement  of 
3.5  percent. 

These  nozzle  losses  did  not  appear  in  a direct  relationship  in  full  stage 
tests.  At  near  design  work  and  100  percent  speed  no  stage  efficiency  loss 
was  observed  due  to  a high  outer  wall  gradient  (hub  blockage  plate  occupy- 
ing 24  percent  of  inlet  annulus  was  used).  With  increased  boundary  layer 
on  both  walls,  stage  efficiency  was  reduced  by  1.2  points.  Table  XX.  At 
off  design  conditions,  however,  the  turbine  performance,  in  some  cases, 
actually  increased.  This  may  be  due  to  reduction  of  separation  losses  due 
to  increased  turbulence  or  incidence  changes  attributed  to  shifts  in  velocity 
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gradients.  The  data  available  was  insufficient  to  obtain  a correlation. 
Table  21  summarizes  the  measured  inlet  boundary  layers  and  Figure  210, 
the  geometries  tested. 

NOZZLE  COOLING  AND  ROTOR  COOLING  INJECTION  EFFECTS 

Cascade  test  results  are  summarized  In  Figures  126,  128  and  Table  15.  The 
nozzle  efficiency  loss  with  cooling  flow  was  small,  i.e.,  3.5  points  de- 
crease with  12  percent  total  cooling  flow.  Trailing  edge  ejection  was  more 
efficient  by  a factor  of  two  over  combined  upstream  pressure  and  suction 
side  ejection.  The  trailing  edge  cooling  efficiency  loss  was  0.25  points 
per  one  percent  of  flow. 

The  effect  of  interstage  seal  leakage  or  disk  cooling  on  rotor  efficiency 
as  obtained  in  cascade  test  is  given  in  Table  15.  The  measured  influence 
factor  was  0.86  point  loss  in  rotor  efficiency  per  percent  of  flow.  A 
similar  full-stage  test  in  Phase  III  yielded  1.6  points  loss  in  stage  ef- 
ficiency with  4-percent  flow,  (Table  20).  In  terms  of  rotor  effi- 
ciency, the  influence  factor  was  0.76  points  in  efficiency  per  percent  of 
flow;  an  excellent  agreement  with  cascade  results. 

Overall  stage  nozzle  and  rotor  cooling  effects  are  given  in  Table  20.  The 
Phase  III  test  results  were  compared  to  predicted  values  using  the  mixing 
loss  cooling  performance  evaluation  technique.  Figures  176  and  177.  Good 
agreement  is  shown  on  flow  capacity  and  efficiency  loss  prediction.  Addi- 
tional verification  has  been  obtained  on  an  in-house  turbine.  A comparison 
of  predicted  to  test  data  of  cooling  effects  on  an  independent  research 
turbine  program  conducted  on  contractor  test  facilities  is  given  in  Figure 
211  and  also  shows  good  agreement.  It  was  concluded  that  the  loss  predic- 
tion system  used  to  evaluate  cooling  injection  losses  has  been  test  vali- 
dated for  the  range  of  variables  of  interest. 

REYNOLDS  NUMBER 

Full-stage  tests  were  conducted  at  three  Reynolds  numbers  of  0.41,  0.55  and 
0.71  of  design  on  the  PLR  turbine  and  Reynolds  numbers  of  0.41  and  0.71  of 
design  on  the  SLR  turbine.  The  test  data  was  found  to  fit  a power  function 
of  (1  -V  ) a Nr"0.123  as  compared  to  Ainley’s  (Reference  10)  empirical 
correlation  (1  - V)  a Nr"0-2.  At  the  lowest  test  inlet  pressure,  the  blade 
row  Reynolds  numbers  were  3.65  x 105  for  the  nozzle  and  0.811  x 10^  for 
the  rotor.  Transition  from  laminar  to  turbulent  flow  may  be  expected  at 
Nr  % 2 X 105,  Figure  42. 

Since  the  rotor  was  below  critical  throughout  the  test  range  and  rotor 
losses  are  higher  than  nozzle  losses  to  begin  with,  the  stage  performance 
degradation  with  decreasing  Reynolds  numbers  was  primarily  attributable  to 
the  rotor. 
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Figure  210.  Inlet  Flow  path  for  Inlet  Distortion  and  Boundary  Layer  Tests. 


NOZZLE  COOLING  FLOW-  PERCENT 
OF  PRIMARY  FLOW 

Figure  211.  Effect  of  Nozzle  and  Rotor  Cooling  Flow  on  Turbine  Stage 
Efficiency. 
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TABLE  21 


HOT  WIRE  ANEMOMETER  MEASUREMENT  OF  NOZZLE 
INLET  BOUNDARY  LAYER 


nominal  CONFia-TlATIONS 

(1)  Nom.  Distortion  Screen 

(2)  No.  Boundary  Layer 
Plates 

(1)  Note.  Distortion  Screen 

(2)  Boundary  Laver  Plates 
on  Both  Walls 

(1)  Distortion  Screen  2 
f2>  Boundary  layer  Plate  on 
Inner  Wall  '>nlv 

Screen  P/N 

60A623-1 

604623-1 

604623-2 

Wire  Die.  (Ini 

40  X 40 
0.012 

40  X 40 
0,012 

12  X 12 
0.020 

Inner  Wall  B.L. 
Plate  P'N 

604624-1 

604624-2 

604624-3 

I-en^th  of  Pene- 
tration Into 
Stream  (In)  • A 

0.0 

0.08 

0.22 

t of  '^ean  Paseafie 
Helftht 

0.0 

8.78 

24.15 

S " Boundary 
Laver  Thlcknese 

(X  H) 

29.0 

30.0 

52.0  ' 

S*  • Displace- 
ment Thickness 
(X  H) 

3.04 

6.70 

n.22  1 

M • Moment un 
Thickness  (I  H) 

2.43 

4.05 

8.54 

Outer  Wall  B.L. 
Plate  P/N 

6046R9-1 

604689-2 

604689-1 

Len^;tb  of  Pene- 
tration Into 
Stream  fin;  • B 

0.0 

0.08 

0.0 

Z of  Mean  Passage 
He Ight 

0.0 

8.78 

0.0 

S “ Boundary 
Layer  Thlcknese 

(Z  R) 

16.0 

26.0 

13.0 

S*  * Displaca- 
mer.t  Thickness 
(X  9) 

1.56 

5.5 

1.9 

w - Moment UB 
Thickness  (Z  R) 

1.27 

3.3 

1.34 

Inlet  Reynolds 
No.  Rx  Based 
on  X - 1.63  In. 

1.25  X 10^ 

l.*l  X 10^ 

1.65  X 105 

Inlet  Total 
Pressure  ("Kg) 

50 

50 

50 

Inlet  Total 
Temp.  CF) 

215 

230 

228 

Inlat  Core 
Hach  No . 

O.IU 

0.130 

0.150 

Avg.  Turbulence 
Intensity  (X) 

0.041 

0.0526 

0.0725 
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SOLIDITY  EFFF.CTS  OF  NOZZLE  AND  ROVOR  ON  PERFORMANCE 


Cascade  tests  conducted  in  Phase  II  on  a 20-percent  reduced  solidity 
nozzle  showed  a loss  in  efficiency  of  3.4  points  with  zero  cooling  flow. 
Figure  126.  The  low  solidity  tests  were  conducted  at  M = 1.03  due  to 
facility  limitations.  Assuming  a Mach  number  correction,  Figure  114, 

AN/a  M = 120.1  - 87.86M  = 4.2  points  for  M = 1.23  or  a net  Increase  in 
efficiency  of  0.8  point.  A comparison  of  the  predicted  solidity  with  the 
modified  Ainley  loss  system  at  this  same  Mach  number  is  given  in  Table  22. 
An  efficiency  loss  of  1.04  points  is  predicted.  Although  the  measured 
trend  is  opposite  to  prediction,  a measurement  error  of  +1  point  places 
the  two  values  within  the  same  accuracy  band. 


TABLE  22 


NOZZLE  LOSS  DISTRIBUTION 

Nominal 

20  Percent 

Solidity 

Reduced  Solidity 

Profile,  uT 

0.0380 

0.0390 

Trailing  Edge,  tr 

0.0230 

0.0113 

Clearance,  O 

0 

0 

Secondary,  st 

0.1318 

0.1652 

Total,  tr 

0.1928 

0.2155 

Efficiency,  */ 

90.34 

89.30 

Efficiency  Change 

1.04 

A similar  test  was  conducted  in  cascade  with  a 30-percent  reduced  rotor 
solidity  and  also  a full-round  test  with  a 22  percent  reduced  solidity  rotor 
The  corresponding  stage  efficiency  losses  were  4.0  and  3.6  points  loss. 

The  respective  cascade  and  full-round  Influence  factors  are  1.33  and  1.64 
points  loss  in  stage  efficiency  per  10  percent  reduction  of  rotor  solidity. 
Good  agreement  was  obtained  from  cascade  to  full  round  testing.  The  use  of 
Zwelfel's  loading  criteria,  Reference  40,  for  setting  optimum  solidities 
is  verified  to  the  extent  that  performance  dropped  when  a solidity  less 
than  that  suggested  by  Zwelfel  was  treated. 

BLADE  LOADING  ENVELOPE 

Cascade  and  full-round  tests  were  conducted  on  the  two  rotor  shspes  selected 
Figures  39  through  48.  The  rotor  cascade  tests  showed  the  SLR  rotor  to  be 
higher  in  efficiency  than  the  PLR  rotor  by  0.9  point  (Table  15).  Phase  III 
full-stage  test  numbers.  Table  20,  showed  the  SLR  stage  to  be  2.3  points 
higher  than  the  PLR  stage.  The  more  pronounced  stage  results  may  be  due  to 
Coriolis'  effects,  tip  clearance  flows,  relative  flow  fields  and  centrifugal 
fields  not  simulated  in  cascade.  Although  performance  levels  were  different 
the  trends  were  in  the  same  direction  from  the  cascade  and  full-round  tests. 
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The  reason  for  higher  performance  from  the  SLR  configuration  was  probably 
due  to  having  lower  incidence  losses.  The  hub  was  selected  to  be  highly 
loaded  to  minimize  size  and  blade  numbers.  Structural  limitations  fixed 
the  hub  section  area  requirements.  These  constraints  lead  to  a hub 
passage  area  that  is  nearly  constant  with  a leading-edge  throat  unless 
positive  incidences  are  employed.  The  resulting  gas  foils  for  the  PLR 
had  higher  design  incidences  than  SLR,  and  the  blade  loading  as  a singular 
variable  cannot  be  separated  from  these  tests.  It  may  be  concluded,  how- 
ever, that  the  SLR  rotor  with  less  design  incidence,  but  front  loaded,  had 
better  performance  in  stage  and  cascade  than  the  PLR  high  incidence  rear 
loaded  rotor. 

MODIFICATION  OF  DESIGN  TECHNIQUE 

The  parameters  experimentally  evaluated  yielded  a substantial  store  of  data, 
some  of  which  followed  predictable  trends  and  some  which  did  not. 

New  information  has  been  generated;  however,  the  tests  were  conducted  on 
basically  one  turbine  flow  path.  Some  of  the  trends  are  peculiar  to  the 
ASATT  geometry  alone  and  the  data  acquired  was  not  general  enough  nor  com- 
plete enough  to  propose  a new  quantitative  loss  formulation.  Since  the 
predicted  efficiency  and  test  efficiency  of  the  SLR  configuration  were 
within  1.4  points,  the  basic  loss  system  was  considered  adequate.  Addi- 
tional cooling  injection  losses  are  readily  predictable,  whereas  effects 
of  increased  inlet  turbulence,  velocity  distortion,  boundary  layer,  and 
rotor  to  nozzle  axial  spacing  effects  are  "add  on"  losses  which  can  be 
treated  on  an  individual  basis.  Emphasis  was,  therefore,  placed  on  modifi- 
cations to  the  design  technique  incorporating  the  results  of  the  experi- 
mental investigation.  An  analytical  turbine  model  was  initiated  that 
incorporated  Phase  III  measured  values  of: 

1.  Nozzle  Radial  Distribution  of  Loss. 

2.  Rotor  Radial  Distribution  of  Loss. 

3.  Nozzle  and  Rotor  Throat  Openings  as  a Function  of  Radius. 

4.  Flow-Path  Dimensions  and  Geometry. 

5.  Expansion  Ratio  and  Average  Inlet  Conditions. 

A modified  NASA  off-design  multi-sector  computer  program  (Reference  53),  was 
used  to  model  the  test  data.  The  turbine  flow  path  was  broken  into  five 
annular  sectors  and  the  above  measured  data  was  used  as  input.  Each  sector 
is  treated  as  a quas i-one-d imens ional  element  and  is  joined  spanwise  by 
radial  equilibrium  and  chordwise  by  continuity.  A trial  and  error  pro- 
cedure was  used  to  match  measured  test  data.  This  procedure  was  used  on 
those  variables  not  completely  defined  by  test  in  the  stage  model  (nozzle 
and  rotor  flow  coefficients,  for  example)  until  close  agreement  was  ob- 
tained on  all  measured  data. 

Rotor  incidence  losses  were  calculated  at  all  radial  stations  based  on  an 
input  option  requiring: 
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1.  An  optimum  loss  (cjOPT)  corresponding  to  zero  Incidence. 

2.  A normalizing  Incidence  (Is)  for  which  stalling  Incidence  was  used. 

3.  Coefficients  for  a fourth-order  polynomial  to  correct  for  Incidence 
effect  (positive  and  negative  Incidence  are  treated  separately). 

4.  Incidence  boundaries  for  the  polynomial  fit  beyond  which  linear 
extrapolation  occurs. 


The  actual  loss  (cj)  Is  computed  using  the  following  equation 

\4 


u = u 


OPT 


^ “ i-tl  ^ ' (t)‘ 


Ainleylf*  incidence  loss  predictions  were  used  to  calculate  the  polynomial 
coefficients  for  the  equation  above.  In  Ainley's  prediction,  the  total 
profile  loss  ( u)  = Apo/(p^  p)  exit)  Is  based  on  (1)  is,  a stalling  incidence 
calculated  using  blade  geometry,  (2)u)opt-,  the  profile  loss  of  Incidence  Is 
zero,  and  (3)  1 is  measured  incidence.  For  our  model,  positive  and  negative 
incidence  ranges  were  treated  separately.  For  each  range,  the  Alnley  data 
was  fit  to  a fourth  degree  polynomial  representing  the  full  range  of  1/ls 
presented.  The  resultant  coefficients  were: 


POSITIVE  INCIDENCE 

A = 0.4116 
B = 0.4373 
C = 0.1511 


NEGATIVE  INCIDENCE 

A = 0.8200 
B = 0.2550 
C = 0.0350 


The  objective  of  the  modeling  was  to  match  Phase  III  test  results.  The 
total  rotor  loss  coefficient  from  Phase  III  test  data  Included  Incidence 
effects.  The  test  data  total  loss  coefficient  was  calculated  from:  (1) 

turbine  inlet  rake  total  temperature  and  pressure  data  radial  profiles, 

(2)  nozzle  performance  testing  total  pressure  loss  and  exit  swirl,  (3)  linear 
radial  static  pressure  based  on  wall  statics  at  nozzle  exit  and  rotor  exit, 
(4)  total  temperature,  pressure  and  swirl  from  rotor  exit  survey,  (5)  geo- 
metrical areas  at  measuring  stations,  and  (6)  blade  speed.  By  applying 
continuity  at  rotor  Inlet  and  rotor  exit  with  the  assumptions  listed, 
vector  triangles  along  constant  percent  height  streamtubes  were  constructed; 
and  from  the  resultant  relative  parameters,  the  rotor  loss  coefficient  was 
calculated . 


The  off-deslgn  program  (Reference  53),  which  was  used  for  the  modeling, 
required  the  zero  incidence  loss,  ^optt  as  input.  As  an  Initial  value, 
the  calculated  total  rotor  loss  coefficient  was  used.  “opt  was  then 
Iteratively  adjusted  until  the  total  loss  (with  Incidence  penalty)  calcu- 
lated In  the  off-deslgn  program  best  matched  the  test  data  total  loss  pro- 
file. Figure  212  demonstrates  that  fair  agreement  of  rotor  total  loss 
coefficient  was  achieved. 


The  ASATT  models  used  an  effective  throat  area  option,  which  uses  measured 
throat  openings,  measured  total  blading  losses  from  Phase  III  test  data, 
and  throat  flow  coefficients  (Shown  In  Figure  213)  to  calculate  a subsonic 


effective  relative  exit  gas  angle.  Flow  coefficient  profiles  were  varied 
to  best  match  blading  exit  Mach  number  distributions  and  total  airflow  of 
Phase  III  test  data.  The  final  flow  coefficient  profiles  are  presented  in 
Figure  213.  Resultant  Mach  number  distributions  are  compared  to  SLR  test 
data  in  Figure  214.  In  Figure  215,  nozzle  exit  Mach  number  distributions 
are  also  compared  to  nozzle  blow  down  test  data  which  has  been  scaled  to 
the  same  pressure  ratio  as  the  base  model.  Figure  216  shows  a comparison 
of  model  and  test  data  acceleration  at  the  walls.  Good  agreement  is  shown 
with  all  parameters. 

For  verification,  this  model  was  then  applied  to  an  unrelated  IR&D  turbine 
three  times  larger  in  swallowing  capacity.  Figure  217  shows  a comparison 
of  the  ASATT  turbine  flow  path  to  a scaled  version  of  the  IR6D  turbine 
flow  path.  Efficiency  and  rotor  exit  swirl  profiles  for  the  IR&D  model  and 
test  data  are  shown  in  Figures  218  and  219.  Fair  agreement  in  these  pre- 
liminary results  lends  credibility  to  the  ASATT  models.  The  ASATT  model 
was  then  used  to  define  flow  path  modifications  to  Improve  performance. 
Section  V . 
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Figure  212.  Blading  Loss  Profile  Figure  213.  Model  of  ASATT  SLR  Tur- 
Model  Compared  to  Phase  bine;  Profiles  of  Input 

III  Test  Data.  Throat  Coefficients. 
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Figure  214.  Mach  Number  Compari- 
sons; Model  and  Phase 
III  SLR  Turbine  Stage 


Figure  215.  Nozzle  F-xit  Mach  Number 
Comparison;  Model  and 
Nozile  Blowdown  Test . 


Figure  216.  Wall  Static  Pressure  Figure  217.  Turbine  Model  Flow  Path 
Distribution;  Model  Com-  Comparison, 

pared  to  SLR  Turbine. 
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Figure  218.  Model  II  Efficiency 
Profile  Compared  to 
Test  Data. 


Figure  219.  Rotor  Exit  Swirl  for 
Model  IT  Compared  to 
Test  Data. 
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PIIASE  y - TURBINE  STAGE^  RpESlCN  AND  TEST 
TF^T  RIG  DESIGN  MODIFICATION 

The  Phase  III  Test  Data  Analysis  indicated  that  the  turbine  inlet  nozzle 
was  too  small  with  a 6.4  percent  flow  deficiency  at  design  pressure  ratio. 
Additionally,  Phase  IV  analysis  indicated  that  the  rotor  hub  reaction  and 
blade  incidence  angles  were  considerably  different  from  design  inter.*-,  with 
the  deficiency  primarily  concentrated  in  the  near  hub  region. 

To  correct  these  deficiencies,  the  turbine  inlet  nozzle  was  modified  for 
Phase  V testing.  This  modification  consisted  of  a vane  trailing  edge  cut- 
back to  yield  a 6.4  percent  increase  in  flow  and  radial  contouring  to  pro- 
vide an  87/13  percent  split  of  this  increase  in  the  0-50/50-100  percent 
span  regions.  This  places  most  of  the  flow  gain  in  the  hub  region  where 
the  Phase  III  deficiencies  are  indicated.  Two  iterations  on  the  cutback 
were  required  to  achieve  the  desired  increase  in  flow.  The  first,  based 
on  blueprint  dimensions,  yielded  a 14.2-percent  increase  in  flow  and  was 
considered  to  be  unsatisfactory  for  Phase  V testing.  The  second  and  final 
cutback  (actually  addition  of  vane  trailing  edge)  iteration.  Figure  220, 
passed  design  flow  of  0.90  Ib/sec  and  was  consequently  used  throughout  the 
Phase  V test  program. 

The  analytical  model  procedure  defined  in  Phase  IV,  Modification  of  Design 
Technique,  was  used  to  predict  the  performance  of  the  turbine.  The  flow  path 
was  broken  into  five  equal  height  annular  sectors  joined  spanwlse  by  radial 
equilibrium  and  chordwise  by  continuity. 

The  only  distinction  in  input  between  cutback  nozzle  model  and  the  base 
model  was  the  Increased  nozzle  throat  openings  resulting  from  the  cutback 
definition.  Nozzle  loss  changes  due  to  increased  trailing-edge  thickness 
were  not  considered.  Rotor  optlmim  loss  was  maintained  as  that  of  the  base 
case.  The  resultant  decrease  in  predicted  total  rotor  loss  as  shown  in 
Figure  221  is  due  to  decreased  incidence.  Figures  222  and  223  compare 
resultant  change  in  Mach  number  distribution  and  wall  acceleration  due  to 
nozzle  cutback.  The  stage  efficiency  for  both  models  and  a comparison  to 
Phase  III  test  data  is  shown  in  Figure  224.  On  an  average  basis,  the 
models  indicate  5.6  percent  Increase  in  flow  and  1.2  percent  Increase  in 
efficiency  resulting  from  nozzle  cutback. 

TEST  FACILITY,  PROCEDURE  AND  DATA  ACQUISITION 

TEST  FACILITY 

Discussed  in  Test  Facility  section.  Phase  III. 

TEST  PROCEDURE 

The  Phase  V test  program  consisted  of  basically  two  test  procedures,  that 
of  turbine  inlet  nozzle  calibration  and  full  turbine  stage  performance. 
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During  the  nozzle  calibration  test,  the  procedure  for  determing  the  flow 
rate/pressure  ratio  characteristic  of  the  Phase  V nozzle  consisted  of 
setting  an  inlet  pressure  of  24.6  psla  and  reducing  the  discharge  pressure 
incrementally  to  achieve  the  desired  pressure  ratio.  At  least  12  pressure 
ratios  were  set  between  1.2  and  4.7  (inlet  total  average/discharge  static 
average).  Data  recorded  at  each  pressure  ratio  point  consists  of  inlet  total 
temperature  and  pressures,  wall  static  pressures  (nozzle  inner  and  outer 
wall,  flow  passage  and  trailing  edge)  and  mass  flow  rate  using  the  1800  data 
acquisition  and  controls  system  (DACS). 

The  nozzle  total  pressure  loss  was  determined  at  two  pressure  ratios,  3.33 
and  2.72  (inlet  total  pressure  average/discharge  static  average).  The 
pressure  ratio  was  set  by  fixing  the  inlet  total  pressure  average  at  24.6 
psia  and  adjusting  the  discharge  average  static  pressure  to  yield  the  de- 
slreu  pressure  ratio. 

The  total  pressure  probe  was  located  at  a fixed  radial  position  and  con- 
tinuously traversed  circumferentially  over  an  arc  of  36  degrees  (2  vane 
pitches)  to  assure  the  capture  of  two  trailing-edge  wakes.  At  least  six- 
teen radial  positions  were  surveyed  over  the  blade  span.  Data  were  re- 
corded on  an  X-Y  plotter  and  consisted  of  inlet  total  pressure  and  a 4P 
total  (P  total  inlet  - P total  exit  local).  * 

During  the  full-stage  performance  tests,  airflow  was  initiated  through  the 
test  turbine  by  combined  operation  of  the  laboratory  exhaust  vacuum  pumps 
and  inlet  rams.  The  inlet  pressure  was  set  at  24.6  psla.  Turbine  speed 
was  gradually  Increased  to  corrected  level  by  decreasing  the  exhaust  pres- 
sure with  the  turbine  load  maintained  using  the  Hydra-Brake  adjustments. 
Accelerometers  located  on  the  bearing  housing  were  monitored  to  assure 
operation  free  from  destructive  resonances.  Turbine  rotor  tip  clearance 
Indicators  were  monitored  to  assure  rub-free  operation  (0.012  in.  minimum 
radial)  during  the  test.  Other  standard  parameters  which  monitored  during 
the  test  Included:  bearing  lube  oil  pressure  and  temperature,  water  brake 

discharge  pressure  and  temperature,  torque,  speed,  turbine  air  inlet  tem- 
perature and  pressure,  and  turbine  air  exit  pressure  and  temperature.  The 
inlet  pressure  was  maintained  at  near  24.6  psla  and  air  temperature  near 
230°F.  The  turbine  was  stabilized  at  speed  and  pressure  ratio  for  a period 
of  several  minutes,  and  readings  of  all  static  pressures  and  rakes  were  ob- 
tained  using  the  1800  DACS.  Radial  surveys  of  total  pressure,  temperature 
and  angle  were  taken  at  the  two  circumferential  locations  at  the  rotor  dis- 
charge. The  surveys  consisted  of  thirteen  point  surveys,  eleven  points  at 
equal  radial  intervals  and  two  at  5 and  95- percent  spans  from  the  inner  to 
outer  walls. 

A series  of  approximately  thirty  operating  points  were  run  to  define 
the  performance  map.  These  points  were  set  by  varying  exhaust  pressure 
and  water  brake  load  to  cover  a speed  range  from  60  percent  (17,290  rpm) 
to  100  percent  and  pressure  ratios  from  1.8  to  limit  load.  The  test 
points  are  shown  in  Table  23  as  a function  of  percent  speed  and  pressure 
ratio.  The  nominal  stator  and  rotor  cooling  flow  was  turned  on  at  design 
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TABLE  23 


ASATT  TURBINE  PHASE  V TEST 

POINTS 

PERCENT  SPEED 

Pressure 

Ratio 

60  70  80 

90 

100 

Limit 

Load 

XXX 

X 

X 

4.4 

X 

X 

4.0 

X 

X 

X 

Cooling  & 
Survey 

3.6 

XXX 

X 

X 

3.2 

X X 

X 

00 

CSJ 

X 

Survey 

X 

X 

2.4 

X X 

X 

2.1 

X X 

X 

1.8 

X X 

X 

point  speed,  and  perf ormance/survey  data  were  taken. 

DATA  ACQUISITION 

pK  Discussed  in  Data  Acquisition  section,  Phase  III 

TURBINE  STAGE  REDESIGN  TEST  RESULTS 
PHASE  V,  TEST  1 - NOZZLE  PERFORMANCE 
Test  Oblective 

The  objective  of  this  test  was  to  determine  the  nozzle  flow  characterlst ic 
of  the  modified  nozzle  assembly  over  a range  of  pressure  ratios  and  to 
measure  the  total  pressure  loss  across  the  nozzle  using  a radial  and  cir- 
cumferential survey  of  total  pressure  at  the  nozzle  discharge. 
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Test  Tont isuration 


The  test  configuration  was  similar  to  that  used  during  the  Phase  ITT  Test 
1 nozzle  performance  evaluations.  The  same  survey  probe  was  used  with  the 
tip  set  0.25  inch  axially  behind  the  trailing  edge  of  the  nozzle  vane 
tip.  Due  to  the  nozzle  modification,  a trailing  edge  cutback  that  increases 
with  decreasing  radius,  the  axial  distance  between  the  stator  trailing  edge 
and  the  probe,  is  not  constant  and  reaches  a maximum  of  0.29  inch  at  the 
inner  wall.  The  survey  probe  tip,  aligned  with  its  axis  parallel  to  the 
stator  suction  surface,  was  traversed  in  a plane  normal  to  the  rig  shaft 
and  corresponds  to  the  location  of  the  rotor  blade  leading  edges.  Data 
over  the  entire  span  (16  radial  positions)  was  obtained  by  positioning  the 
probe  at  a prescribed  radius  and  then  traversing  circumferentially  over  a 
36°  arc  (Figures  225  and  226).  This  arc  includes  a full  vane  channel,  two 
vane  trailing-edge  wakes,  and  part  of  the  adjacent  channels. 


Phase  III  test  data  indicated  that  the  turbine  inlet  nozzle  was  6.4  percent 
smaller  than  the  design.  The  most  significant  throat  area  deficiency 
appeared  in  the  hub  region,  where  a high  rotor  incidence  and  a low  hub 
reaction  resulted.  The  Phase  V hardware  modification  was  directed  to- 
ward correcting  this  deficiency  by  rutting  back  the  nozzle  trailing  edge 
to  open  the  nozzle  area  6.4  percent,  with  most  of  the  opening  required 
in  the  hub  region  (see  section  "Test  Rig  Design  Modification"). 

The  first  iteration  on  the  cutback  yielded  a 14.2  percent  Increase  In  flow. 
Throat  specification  for  this  cutback  defined  from  the  trailing  edge,  as- 
suming that  the  nozzle  was  made  to  print  and  stacked  on  a radial  line. 
Subsequent  dimensional  checks  showed  the  nozzle  vanes  to  be  stacked  in- 
correctly in  manufacture,  which  resulted  in  openings  that  were  tog  large. 

A second  Iteration  on  the  cutback  yielded  the  correct  flow,  Wv'  9/S  /*  = 

0.9  Ib/sec,  and  was  used  throughout  Phase  V testings.  Figure  227  shows 
the  flow  rate  vs  pressure  ratio  characteristics  of  both  nozzle  cutback 
iterations.  To  check  for  rig  leakage  (flow  bypassing  nozzle),  flow  through 
the  nozzle  was  measured  at  two  levels  of  inlet  pressure  - ambient  and  24.6 
psia.  No  appreciable  rig  leakage  was  Indicated  with  both  the  pressurized 
and  the  ambient  flow  being  within  data  scatter  of  each  other. 

The  results  of  the  total  pressure  and  total  pressure  loss  surveys  at 
nozzle  total-to-statlc  pressure  ratios  of  2.72  and  3.33  are  shown  in 
Figures  228  through  233.  The  radial  distributions  of  the  vane-to-vane  inte- 
grated average  nozzle  pressure  loss  coefficients  are  compared  in  Figure  228 
for  design.  Phase  111  and  Pliase  V.  Cutting  back  the  vanes  Increased  the  loss 
to  o5  0.184  vs  tU  = 0.154  for  the  original  nozzle  at  pressure  ratio  of 
3.33.  The  radial  gradient  changed  significantly  in  that  the  near  hub 
(0-30  percent  span)  losses  were  reduced,  and  beyond  30  percent  span  the 
losses  were  increased  on  th^  average.  The  3.33  pressure  ratio  setting  was 
determined  from  the  PLR  full-stage  tests  (4.2  total-to-total  pressure  ratio 
and  100  percent  during  Phase  III  and  provides  a common  point  of 


235 


Figure  225.  Phase  V,  Test  1 - Nozzle  Performance  - Diagram  of  Flow  Path 
for  Nozzle  Exit  Survey. 


comparison.  The  same  trends  are  indicated  at  the  design  pressure  ratio  of 
2.72,  with  the  average  loss  showing  an  improvement  with  respect  to  design 
goals,  tj  • 0.145  vs  Cj  design  * 0.179. 


The  results  of  the  average  nozzle  exit  Mach  number  calculations  are  shown 
in  Figure  229  and  Indicate  a slight  reduction  with  respect  to  Phase  III, 
1.36  vs  1.38,  at  a pressure  ratio  of  3.33.  The  radial  gradient  remained 
essentially  the  same  except  for  the  higher  Mach  numbers  near  the  hub 
(0-25  percent  span).  At  design  pressure  ratio  (2.72),  the  average  Mach 
number  (1.22)  and  its  gradient  are  near  design  goals. 

In  the  plane  of  measurement,  the  constant  loss  coefficient  and  Mach  number 
contours  are  shown  in  Figures  230  through  233.  At  a pressure  ratio  of 
3.33  (Figures  230  and  231),  which  is  near  the  full-stage  opyatlng  point 
when  stage  total-to-total  pressure  ratio  is  4.0  at  100%  H/ , the  Mach 
number  and  loss  contours  show  good  periodicity.  Highest  losses  are  con- 
centrated near  the  inner  wall  in  the  mid-channel  region  with  a maximum 
local  loss  coefficient  of  1.1  indicative  of  potential  flow  separation  from 
the  inner  wall.  Most  of  the  channel  core  region  was  below  0.1  with  in- 
creasing losses  around  the  channel  periphery  towards  the  walls.  Localized 
higher  loss  regions  were  present  near  the  traillng-edge  wakes.  One  was 
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Figure  226.  Phase  V Turbine  Inlet  Nozzle  Modification 
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Figure  227.  Phase  V - ASATT  Nozzle  Figure  228.  Phase  V,  Test  1;  Nozzle 
Blowdown.  Performance. 
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Figure  229.  Phase  V.  Test  1:  Nozzle  Performance 
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Nozzle  Total-Static  Pressure  Ratio  of  3.33. 
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Figure  231. 
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Phase  V Nozzle  Exit  Survey  Iso-Pressure  Loss  Coefficient 
for  Nozzle  Total-Static  Pressure  Ratio  of  3.33. 
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Figure  232.  ASATT  Phase  V Nozzle  Exit  Survey  Iso-Exit  Mach  Number  Lines 
for  Design  Nozzle  Total-Static  Pressure  Ratio  of  2.7. 
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Figure  233 


ASATT  Phase  V Nozzle  Exit  Survey  Iso-Pressure  Loss  Coefficient 
Lines  for  Design  Nozzle  Total-Static  Pressure  Ratio  of  2.7. 


centered  near  the  outer  wall  at  85-90  percent  span  with  a maximum  loss  co- 
efficient of  0.4-0. 5;  both  may  be  attributed  to  localized  vortex  flow. 

At  a design  pressure  ratio  of  2.72,  the  above  trends  are  duplicated  (Figures 
232  and  233)  but  at  lower  levels  of  loss  coefficients  and  Mach  numbers. 

The  survey  probe  was  calibrated  at  NASA/Lewis  supersonic  flow  tunnel  a Mach 
number  of  1.3.  The  results  showed  that  the  Rayleigh  normal  shock  equations 
can  be  applied  to  the  measured  total  pressures  to  account  for  the  shock 
losses  ahead  of  the  tip.  The  above  data  includes  this  correction  and  in- 
corporates a linear  hub-to-tlp  static  pressure  distribution  as  measured 
0.25  inch  ahead  of  the  survey  plane. 


PHASE  V,  TEST  2 - TUPBINE  STAGE  PERFORMANCE  WITH  PER  ROTOR 
Test  Objective 

Define  effect  on  stage  performance  of  the  Phase  V turbine  modification  with 
the  PER  rotor  and  evaluate  the  blade  element  performance  using  the  wall 
static  pressures  and  rotor  exit  radial  traverse  measurements. 

Test  Configuration 

The  turbine  stage  configuration  consisted  of  the  modified  turbine  inlet 
nozzle  assembly  and  the  nominal  41  blade  pressure  surface  loaded  rotor. 

The  stator  assembly  to  blade  axial  spacing  was  0.25  inch.  (The  same  as 
Test  3 of  Phase  III  evaluations).  Measured  static  rotor  tip  to  shroud 
clearance  was  0.012  to  0.013  inch  radial.  The  instrumentation  was  also 
identical  to  that  of  the  Phase  III  tests  and  Included  the  following: 

- Nozzle  inlet  total  temperature  and  pressure 

- Rotor  exit  total  temperature  and  pressure 

- Rotor  exit  radial  traverse  (2  locations)  of  temperature,  pressure, 
and  swirl  angle 

- In-Eine  torque  meter 

- Static  pressures  at  stage  inlet  and  exit  total  measuring  planes, 
nozzle  exit,  nozzle  vane  mid-channel,  and  rotor  exit  locations  on 

?•>  both  inner  and  outer  walls. 

Test  Results 


The  Phase  V tests  were  conducted  with  24.6  psla  and  220“-230”F  inlet  pres- 
sures and  temperatures.  The  resultant  performance  map  with  the  modified 
turbine  inlet  nozzle  and  pressure  surface  loaded  rotor  is  shown  in  Figure 
234.  For  comparison  of  performance  to  Phase  III  data  (Figure  236)  and 
design  (Figure  237),  this  map  is  corrected  for  Reynolds  Number  according  to 
(1  - V ) a (Ng)”®*!^-^  as  correlated  in  Phase  III  and  is  shown  in  Figure  235. 
The  tip  clearance  difference  between  the  design  map  (Figure  237)  and  the 
Phase  V test  map  (Figure  235)  is  0.0085  in.  (0.0125  for  Figure  235  and  0.004 
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Figure  235,  ASATT  Phase  V Pressure  Surface  Loaded  Rotor  Configuration  Test 
Map  Corrected  to  Design  Reynolds  Nvinber. 
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Figure  236.  Test  3.0  - Baseline  Turbine  Ferfornance  Map.  Corrected  to 
Design  Keynolds  Number  - Phase  III. 
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Figure  237,  Design  Prediction  - ASATT  Turbine  Performance. 
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In.  for  Figure  237).  An  estimate  of  tip  clearance  effects  on  performance 
is  shown  in  Figure  8 and  yields  approximately  a 1.0  point  efficiency  change 
for  a 0.0085  in.  change  in  tip  clearance.  Hence,  for  a common  comparison  to 
Figure  235,  the  performance  shown  on  the  design  map  (Figure  237)  may  be 
reduced  by  1.0  efficiency  points  and  yields  80.3  percent.  This  is  also 
consistent  with  the  80.2  percent  efficiency  predicted  during  Phase  I (Ap- 
pendix B)  at  a slightly  lower  rotor  tip  clearance  of  0.011  in.  A listing 
of  the  performance  at  100  percent  N/7~^cr  and  4.0  total-to-total  pressure 
ratio  yields  the  following: 


PHASE  III 

PHASE  V 

DESIGN 

Pressure  Ratio  (Total  to  Total) 

4.0 

4.0 

4.0 

Referred  Work  A H , Btu 
0cr  lb 

31.2 

31.6 

33.4 

Flow  Speed  Parameter,  WN « , lb-rev 

660  sec^ 

367 

392 

392 

Efficiency,  r; 

76.8 

77.8 

*80.2 

Comparing  Phase  V vs  Phase  III  performance  Indicates  that  at  near  design 
flow  and  pressure  ratio,  stage  efficiency  Increased  by  1.0  point  due  to 
the  nozzle  modification.  The  limit  load  work,  however,  dropped  to  32.0 
Btu/lb  or  a 7.5-percent  reduction  compared  to  the  original  nozzle  con- 
f igurat ion . 

Wall  static  pressure  distribution  comparisons  are  shown  in  Figures  238 
through  240  and  indicate  the  following; 

a)  A 3.4-percent  increase  in  average  static  pressure  at  the  inner 
wall  of  nozzle  discharge  (Figure  238),  which  agrees  in  trend  with 
the  Phase  IV  model  predictions  and  yields  Increased  reaction 
through  the  rotor  by  a factor  of  3.8.  (Reaction  defined  as  the 
ratio  of  local  static  pressure  change  across  the  rotor  to  the 
local  stage  static  pressure  change.) 

b)  A 15.4-percent  reduction  in  average  static  pressure  at  the  outer 
wall  (Figure  238)  of  the  nozzle  discharge  with  a reduction  in 
rotor  tip  reaction  by  a factor  of  0.77. 

c)  An  average  reduction  of  static  pressures  at  rotor  discharge  (Figure 
238)  of  8 percent  which  can  be  attributed  in  part  to  the  6.4  per- 
cent Increase  in  flow  and  an  Increase  of  approximately  four  de- 
grees (Figure  243)  swirl  at  rotor  discharge.  This  resultant  in- 
crease in  flow  Mach  number  at  rotor  discharge  agrees  with  stage 
performance  data  in  that  limit  load  work  shows  a reduction  with 
increasing  rotor  discharge  velocities. 

* NOTE:  Efficiency  at  a tip  clearance  of  0.011  inch,  Figure  237,  perfor- 

mance given  at  a tip  clearance  of  0.004  inch. 
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d)  The  nominal  mid-span/mld-channel 
velocity  distribution  through 
the  nozzle  vane  channels  did  not 
change  appreciably  as  Indicated 
by  the  pressure  distribution  of 
Figure  239.  The  radial  velocity 
gradient  shifted  in  the  direction 
of  reduced  hub  to  tip  difference. 
Nozzle  vane  to  vane  pressure  dis- 
tribution near  the  trailing  edge 
(Figure  240)  follows  the  same 
trend  as  above  and  also  indicates 
significantly  more  expansion  on 
the  pressure  surface  side  of  the 
channel  at  the  hub. 

The  rotor  exit  survey  data  on  the  dis- 
tribution of  total  pressure,  tempera- 
ture and  swirl  angle  is  shown  in 
Figures  241  and  243.  Stage  inlet 
radial  gradients,  averaged  circum- 
ferentially, of  total  pressure  and 
temperature  are  shown  in  Figures  244 
and  245.  Using  the  above  data  com- 
bined with  the  experimental  nozzle 
loss  data  of  Test  1,  calculations  were  performed  to  obtain  distributions  of 
adiabatic  efficiency  (Figure  246),  rotor  loss  coefficient  (Figure  247), 
nozzle  exit  Mach  number,  and  relative  rotor  discharge  Mach  number  (Figure 
248).  The  results,  compared  to  the  Phase  III  data  with  the  original  noz- 
zle, are  summarized  as  follows: 

a)  Stage  performance  in  terms  of  efficiency  at  4.0  total-to-total 
pressure  ratio  and  100  percent  N/  ©cr  was  increased,  with  the 
bulk  of  the  Improvement  occurring  in  the  10  to  60  percent  span 
region.  Rotor  loss  coefficients  have  also  been  reduced  in  the 
same  radial  span. 

b)  Nozzle  discharge  Mach  number  has  generally  Increased  (~4.57') 
over  the  entire  span.  This  is  somewhat  contradictory  to  the 
nozzle  blowdown  data  at  nearly  the  same  total  to  static  pres- 
sure ratio  and  suggests  nozzle-rotor  interactions  at  above 
critical  Mach  numbers.  With  the  modified  nozzle,  an  Increased 
nozzle  discharge  Mach  Number  can  occur  if  the  effective  air 
turning  angle  through  the  stators  is  reduced  toward  the  axial 
direction.  To  obtain  this  additional  expansion,  a reduction 

in  angle  varying  approximately  4°  to  1°  from  hub  to  tip  is  indi- 
cated, when  compared  to  the  original  Phase  III  data.  The  re- 
sultant rotor  incidence  angle  reduction  is  shown  in  Figure  255. 

Rotor  exit  survey  data  taken  at  70  percent  power  with  70  percent  ti/y  Oj-r 
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and  2.8  total-to-total  pressure  ratio  Is  shown  In  Figures  249  through  254. 
PHASE  V,  TEST  3 - TURBINE  STAGE  PERFORMANCE  WITH  SLR  ROTOR 
Test  Objective 

Define  the  effect  on  stage  performance  of  the  Phase  V'  turbine  modification 
with  the  SLR  rotor  and  evaluate  the  blade  element  performance  using  the  wall 
static  pressures  and  rotor  exit  traverse  measurements. 

Test  Configuration 

The  configuration  Is  Identical  to  the  previous  test  (Test  2)  with  the  ex- 
ception of  the  rotor.  The  suction  surface  loaded  rotor  (SLR)  Is  substituted 
for  the  pressure  surface  loaded  (PLR)  rotor.  Rotor  tip  to  shroud  radial 
clearance  measured  0.012  to  0.013  inch.  During  Phase  III  testing,  this  SLR 
rotor  was  severely  damaged  (Figure  256),  as  a result  of  a rig  overspeed  and 
associated  high  vibratlon/rlg  bearing  failure.  Approximately  45  percent 
of  the  blades  rubbed.  Both  the  rotor  blades  and  the  shroud  required  re- 
surfacing to  bring  the  rig  back  Into  the  original  dimensions  and  clearances. 

Test  Results 


The  reduced  performance  map  of  the  modified  turbine.  Phase  V,  with  the  SLR 
rotor  Is  shown  in  Figure  257.  As  with  the  PLR  rotor  data  (Test  V-2),  this 
was  generated  with  24.6  psla  and  220“’-230°F  air  Inlet  pressure  and  tempera- 
ture. Thirty-one  data  points  were  taken  throughout  the  map.  Including  limit 
load  per  the  test  schedule  outlined  in  Table  23  (under  test  facility,  pro- 
cedure, and  data  acquisition).  This  map  corrected  to  ASATT  design  condi- 
tions by  the  Reynolds  Number  correction  correlated  in  Phase  III  is  shown 
in  Figure  258  and  is  directly  comparable  to  the  design  map.  Figure  258,  and 
the  similarly  corrected  Phase  III  map  (Figure  260)  with  the  original  nozzle 
configuration.  At  near  design  operation  4.0  total-to-total  pressure  ratio 
and  100  percent  N/  ©cr , the  following  listing  compares  the  performance 
from  these  three  maps. 

PHASE  V PHASE  III  DESIGN 


Pressure  Ratio  (T-T) 

4.0 

4.0 

4.0 

Referred  Work,  AH  , 

Btu 

32.5 

32.2 

33.4 

©cr 

lb 

Flow  Speed  Parameter, 

WN  * , lb-rev 
5 60  sec2 

392 

367 

392 

Efficiency,  v 

79.9 

79.1 

80.2 

A comparison  of  Phase  V vs  Phase  III  performance  shows  that  efficiency  in- 
creased by  0.8  point  to  79.9  percent  and  is  close  to  design  goal  as  a re- 
sult of  the  nozzle  modification.  Limit  load  decreased  by  9.1  percent  to 
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Figure  2A1.  Phase  V Test  2:  Stage 

Performance  with  Pres- 
sure Loaded  Rotor  Tur- 
bine Configuration.  Rotor 
Exit  Total  Pressure  Survey. 


ROTOR  f XtT  SWI  Rl,  D«0.  <tt|d|rist  rotation) 


Figure  242.  Phase  V Test  2:  Stage 

Performance  with  Pres- 
sure Loaded  Rotor  Tur- 
bine Configuration.  Rotor 
Exit  Total  Temperature 
Survey. 


1 vS 


Figure  243. 


Phase  V Test  2:  Stage  Figure 

Performance  with  Pres- 
sure Loaded  Rotor  Tur- 
bine Configuration.  Rotor 
Exit  Swirl  Angle  Survey. 


244.  Phase  V.Test  2:  Stage 

Performance  with  Pres- 
sure Loaded  Rotor  Con- 
figuration. Stage  Inlet 
Total  Pressure  Gradient. 
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Figure  245.  Phase  V Test  2:  Stage  Figure  246.  Phase  V Test  2:  Stage 

Performance  with  Pres-  Performance  with  Pres- 
sure Loaded  Rotor  Tur-  sure  Loaded  Rotor  Tur- 
bine Configuration.  Stage  bine  Configuration.  Radial 

Inlet  Total  Temperature  Efficiency  Distribution. 

Gradient . 


Figure  247.  ASATT  Pha.se  V Test  2:  Figure  248.  ASATT  Phase  V Test  2: 

Rotor  Loss  Coefficient  Nozzle  Exit  & Rotor  Dls- 

Distrlbution.  charge  Relative  Mach  No. 

Distributions. 
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Performance  with  Pres- 
sure Loaded  Rotor  Tur- 
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bine  Configuration. 


Figure  251.  Phase  V,  Test  2:  Stage 

Performance  with  Pres- 
sure Loaded  Rotor  Tur- 
bine Configuration. 


Figure  252.  Phase  V,  Test  2:  Stage 

Performance  with  Pres- 
sure Loaded  Rotor  Tur- 
bine Configuration. 
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Figure  256.  Suction  Surf 
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Figure  257.  ASATT  Phase  V Suction  Surface  Loaded  Rotor  Configuration  Test 
Map . 
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Figure  258. 


ASATT  Phase  V Suction  Surface  Loaded  Rotor  Configuration  Test 
Map  Corrected  to  Design  Reynolds  Number. 
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33  Btu/lb,  due  to  the  nozzle  being  opened  6.4  percent.  These  relative  changes 
are  similar  to  that  of  the  PLR  test  (Test  V-2)  where  at  the  same  point  of  com- 
parison a 1.0  point  gain  in  efficiency  and  a 7.5  percent  loss  in  limit  load 
work,  was  obtained. 


Blade  element  performance  as  indicated  by  the  wall  static  pressure  throughout 
the  stage  is  shown  in  Figures  260  through  262.  Comparing  these  results  with 
that  of  the  original  Phase  III  nozzle  configuration  yields  the  following  ob- 
servations: 


a)  A 5.3-percent  Increase  in  average  static  pressure  at  nozzle 
discharge  hub  with  resultant  rotor  reaction  increased  by  a 
factor  of  1.6. 

b)  A 12-percent  reduction  in  average  static  pressure  at  nozzle 
discharge  tip  yielding  a rotor  reaction  that  is  reduced  by 
a factor  of  0.81.  Additionally,  a comparison  of  SLR  vs  PLR 
configurations  both  with  this  modified  rotor  indicates  that 
the  SLR  has  a 40-percent  higher  average  reaction  (0.13  vs  0.09) 
through  the  rotor. 

c)  A reduction  of  average  static  pressures  at  a rotor  exit  of  4.0 
percent  yields  a higher  stage  discharge  Mach  number.  This  is 
consistent  with  tne  reduced  limit  load  performance  as  indicated 
by  the  map  and  is  in  part  due  to  the  Increased  flow  through  the 
turbine.  Stage  exit  swirl  remained  the  same  on  the  average. 
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d)  The  nominal  mld-span/mld-channel  velocity  distribution,  like 
the  PLR  data,  did  not  change  appreciably  (Figure  262).  The 
hub  to  tip  average  gradient  Is  reduced.  Vane-to-vane  static 
pressure  distribution  (Figure  263)  also  shows  reduced  average 
hub  to  tip  gradient;  however,  trailing  edge  vane-to-vane 
gradient  near  the  hub  Increased  significantly  with  additional 
expansion  near  the  pressure  surface  and  less  expansion  near 
the  suction  surface. 

The  rotor  exit  survey  data  at  4.0  total-to-total  pressure  ratio  and  100  per 
cent  N/y'^^ecr  is  shown  in  Figures  264  through  266  (P9,  T9,  6 /?9)  . Circum- 
ferentially averaged  total  pressure  and  temperature  radial  gradients  at 
stage  inlet  are  shown  in  Figures  267  and  268.  This  data,  combined  with  Che 
experimental  nozzle  loss  data  of  Test  1,  permits  calculations  on  the  radial 
distribution  of  adiabatic  efficiency  (Figure  267),  rotor  loss  coefficient 
number  (Figure  271).  The  results,  compared  to  the  original  nozzle  SLR  con- 
figuration (Phase  III),  are  as  follows: 

a)  Adiabatic  efficiency  has  Increased  and  rotor  losses  have 
been  reduced  in  the  20  to  60  percent  span  region.  This  is 

the  same  trend  as  obtained  with  the  PLR  rotor  (Phase  V,  Test  2) 
and  is  consistent  with  a reduction  of  rotor  incidence  per 
Phase  IV  modeling  (Figure  278) . 

b)  Nozzle  discharge  Mach  number  did  not  change  significantly 
on  the  average.  The  gradient,  however,  shows  slightly  re- 
duced velocities  in  the  20  to  60  percent  span  region  with 
a crossover  to  higher  velocities  towards  the  outer  wall. 

Rotor  discharge  relative  Mach  number  also  shows  minimal 
change  on  the  average  with  the  gradient  shifting  to  yield 
Increased  velocities  in  the  20  to  70  percent  span. 

Survey  data  taken  at  a 70-percent  power  point  with  70  percent  N/VOcr  and 
2.8  total-to-total  pressure  ratio  is  shown  in  Figures  272  through  277. 

Part  of  this  test  also  Included  the  introduction  of  coolant  air  through  the 
nozzle  (4  percent  of  primary  flow)  and  rotor  (2  percent  of  primary  flow) 
at  near  design  point  total-to-total  stage  pressure  ratio  of  4.0  and  100 
percent  N/-^ ©cr • The  results  of  this  show  a 2.0-point  reduction  in  effi- 
ciency and  a 2.7-percent  reduction  of  turbine  inlet  nozzle  main  flow.  This 
agrees  closely  to  the  coolant  flow  test  correlations  of  the  Phase  III  tests 

PHASE  V SUMMARY  AND  CONCLUSIONS 

The  Phase  V testing  consisted  of  three  ma1or  tests: 

1.  Flow  calibration  and  pressure  loss  survey  of  modified 
turbine  inlet  nozzle. 

2.  Definition  of  stage  performance  with  pressure  surface 
loaded  rotor  and  modified  nozzle  assembly. 
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Figure  266.  Phase  V,  Test  3:  Stage  Figure  267.  Phase  V,  Test  3:  Stage 
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Distribution. 
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Figure  272.  Phase  V,  Test  3:  Stage  Figure  273. 
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Figure  274.  Phase  V,  Test  3:  Stage  Figure  275.  Phase  V,  Test  3:  Stage 
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3.  Definition  of  stage  performance  with  suction  surface 
loaded  rotor  and  modified  nozzle  assembly. 

During  the  nozzle  flow  calibration  tests  (Test  1),  design  flow  was  achieved 
as  a result  of  the  modification.  The  total  pressure  loss  surveys,  however, 
indicated  a 19-percent  Increase  in  nozzle  loss  coefficient.  This  is  attri- 
buted to  increased  mixing  losses  at  the  trailing  edge  due  to  the  stator  cut- 
back and  the  attendant  increase  of  tralllng-edge  thickness. 

Stage  performance  comparison  of  Phases  III  and  V tests  and  design  objectives 
at  near  design  point  are  as  follows: 


PHASE  V 

PHASE  III 

DESIGN 

PLR  SLR 

PLR  SLR 

Referred  Shaft 

Speed,  % Design 

100%  100% 

100%  100% 

100% 

Pressure  Rat lo 

(Total  to  Total) 

4.0  4.0 

4.0  4.0 

4.0 

Referred  Work, 

AH/Ocr,  Btu/lb 

31.6  32.5 

31.2  32.2 

33.4 

Flow  Speed  Parameter,  WN«  , lb-rev 

S60  sec'^ 

392  392 

367  367 

392 

Efficiency,  v 

77.8  79.9 

76.8  79.1 

80.2 

Rotor  Reaction 

, Hub 

0.044  0.072 

0.012  0.046 

0.11 

Rotor  Reaction 

, Mean 

0.094  0,130 

0.101  0.139 

0.17 

Rotor  Reaction 

, Tip 

0.145  0.188 

0.190  0.233 

0.24 

Tip  Clearance 

0.0125  0,0125 

0.0126  0.0120 

0.011 

Both  stage  configurations  (SLR  and  PLR)  responded 
modification.  Rotor  blade  incidence  was  reduced 

favorably  to  the 
and  hub  reaction 

nozzle 

through 

the  rotor  Increased  as  expected  to  yield  approximately  a 1.0-polnt  improve- 
ment in  stage  efficiencies.  The  SLR  performance  approached  to  within  0.3 
point  of  the  80,2-percent  design  goal  efficiency.  As  a result  of  the  noz- 
zle cutback,  air  deflection  angles  were  reduced  through  the  nozzle  case. 

The  relative  performance  between  the  two  rotor  configurations  was  the  same 
as  in  Phase  III  testing,  with  the  suction  surface  loaded  configuration 
yielding  superior  performance  by  2.1  points  in  efficiency.  This  is  attri- 
buted in  part  to  the  more  favorable  near  hub  rotor  incidence  and  reaction 
of  the  SLR  configuration.  Positive  rotor  reaction  is  desirable  on  highly 
loaded  blading  in  that  It  provides  a favorable  static  pressure  gradient 
through  the  blade  to  blade  passages.  Flow  inefficiencies,  such  as  boundary 
layer  growth  and  flow  separation  characteristic  of  diffusing  flow,  are 
therefore  minimized. 
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CONCLUSIONS  AND  RECOMNFmATIONS 


CONCLUS IONS 


AH 

An  advanced  small  axial  cooled  (2400“F)  turbine  with  a referred  v;orV , ^cr  . 
of  33.4  Btu/lb  (cictual  work  of  180  Btu/lb)  has  been  riR  tested  to  within 
0.3  points  of  a design  point  efficiency  of  80.2  percent.  This  gas  generator 
turbine,  typical  of  that  for  982  HP  turhoshaft  engine,  was  tested  to  obtain 
the  effects  of  meridional  nozzle  constriction,  inlet  boundary  layer,  inlet 
velocity  gradients,  turbulence  intensity,  nozzle  and  rotor  cooling,  rotor 
t nozzle  spacing,  nozzle  and  rotor  solidity,  and  Mach  number  effects. 
Cascade  data  were  also  obtained  from  a momentum  transfer  rig  that  could 
discern  small  performance  changes  accurately  and  was  supplemented  by  data 
from  external  surveys. 


Correlations  were  obtained,  and  differences  between  cascade  and  full  stage 
test  data  were  established.  The  experimentally  evaluated  parameters  yielded 
a substantial  store  of  data  - some  of  which  followed  predictable  trends, 
while  other  data  did  not.  A simplistic  loss  system  predicted  the  perfor- 
mance of  the  final  configuration  as  80.2  percent  as  compared  to  the  test 
value  of  79.9  percent.  Additional  cooling  injection  losses  were  found  to 
be  readily  predictable,  based  on  a simple  m.ixing  loss  model.  New  infor- 
mation was  generated  on  performance  effects  but  the  tests  were  conducted 
on  basically  one  turbine  flow  path.  Some  of  the  trends  were  peculiar  to 
the  ASATT  geometry  alone  and  the  data  acquired  was  neither  general  enough 
nor  complete  enough  to  propose  a new  quantitative  loss  formulation.  Ef- 
fects such  as  Increased  turbulence,  Mach  number,  velocity  distortion,  load- 
ing form,  inlet  boundary  layer,  and  rotor  to  nozzle  axial  spacing  were 
treated  as  "add  on  losses"  to  the  base  and  will  require  additional  testing 
and  correlation  to  obtain  predictable  losses.  In  general  these  losses  were 
found  to  have  a significant  effect  on  turbine  performance. 


A procedure  combining  an  analytical  turbine  model  with  experimental  data 
obtained  from  tests  on  the  nozzle  cascade  was  used  to  modify  the  nozzle 
and  improve  the  efficiency  of  the  Phase  Til  turbine  stage.  Extending 
this  technique  to  tailor  the  rotor  for  the  nozzle  discharge  conditions  can 
be  used  to  extract  the  maximum  uncooled  turbine  efficiency  potential  which 
is  estimated  to  be  84  percent. 


RECOMMENDATION.S 


CASCADE  TESTING 


The  experience  gained  from  testing  the  cascade  rig  has  revealed  several 
important  considerations  concerning  the  experimental  evaluation  of  turbine 
airfoil  performance.  The  following  recommendations  are  presented,  based 
on  the  rig  operations  and  data  analysis: 

1.  Future  momentum  transfer  cascade  rigs  should  be  designed  in 

the  full-round  configuration  to  eliminate  the  critical  nozzle- 
slave  alignment  problem  present  In  the  sector  configuration. 


263 


2.  Nozzle  exit  traverse  data  revealed  significant  blade-to-blade 
pressure  and  angle  gradients  in  addition  to  radial  gradients. 

The  momentum  transfer  technique  proved  to  be  a successful 
method  for  determining  average  cascade  performance  without 
reliance  on  radial  and  circumferential  averaging  methods.  It 
is  recommended  that  additional  blade  profiles  be  tested  using 
this  technique.  Emphasis  during  the  design  and  test  of  these 
vanes  should  be  placed  on  the  evaluation  of  loading  without 
encountering  Incidence  loss  variations. 

R'LL  ROUND  COLD  FLOW  RIG  TESTING 

During  Phase  III  and  Phase  V,  full  round  cold  flow  tests  evaluated  the  per- 
formance of  the  as-designed  and  modified  ASATT  turbine  stage.  The  modifi- 
cation Improved  performance  by  Improving  the  match  and  radial  distribution 
of  rotor  incidence  and  reaction.  However,  the  full  performance  potential 
has  not  been  reached.  Additional  gains  in  performance  may  be  obtained  by 
further  improving  the  stator/blade  interface.  The  following  items  are 
recommended  to  evaluate  this  potential  gain: 

1.  Redesign  turbine  inlet  nozzle  with  objective  of  providing 
optimum  vector  triangles  consistent  with  Phase  III  and  V 
experience  and  low  incidence  losses  throughout  the  radial 
span. 

2.  If  necessary,  design  a new  rotor  that  is  optimally  matched 
to  the  nozzle  flow  field. 

3.  Fabricate  and  test  new  hardware  with  performance  evaluations 
that  include: 

a.  Flow  calibration  of  nozzle  with  discharge  surveys  of 
total  pressure  loss  and  flow  angle  at  design  point 
pressure  ratio. 

b.  Performance  test  of  new  nozzle  in  full  stage  configuration 
with  both  the  SLR  and  the  new  matched  rotor.  Data  to  in- 
clude mapping  and  surveys  similar  to  that  of  Phase  V. 

FULL  ROUND  HOT  RIG  TESTS 

Subsequent  to  the  above  cold  flow  rig  tests  it  is  recommended  that  the 
performance  be  validated  under  hot  gas  generator  flow  conditions  with  the 
best  of  the  above  stage  configurations.  With  the  hardware  adapted  to  the 
hot  flow  path  conditions,  these  tests  will  provide  data  ns  to  the: 

a.  Validity  of  Reynolds  number  performance  corrections. 

b.  Integrity  of  the  turbine  components  under  design  pressures, 
temperatures,  and  mechanical  loads. 


264 


c.  Vane  and  blade  cooling  system  performance. 

d.  Nozzle/stage  swallowing  capacity  at  design  coolant 
to  main  flow  path  momentum  ratios. 

e.  Design  point  and  off-deslgn  performance  along  the  simulated 
gas  generator  operating  line. 
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APPENDIX  A 


COMPUTER  OUTPUT  FOR  CYCLE  ANALYSIS 
OF  TUTIBOSHAFT  CONFIGURATIONS 


The  computer  output  of  each  cycle  point  run  from  Program  30.038  for  the 
various  turboshaft  engine  configurations  Is  Included  In  this  appendix, 
configuration  Is  Identified  by  a code  following  the  example  below: 

2A  170/2200 

2A  = 2-Stage  Axial  Compressor 

170  = 170  BTU/lb  Turbine  Work 

2200  = 2200°F  Turbine  Inlet  Temperature 


Each 
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DESIGN  PIIINT  CALCULAT  lONS-REGENEPATEU  TUBROSHAFT  ENGINE 
single  spool  iEREE  TLIRRINE  PPOGPAM  30.038 
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C. 58000  01 

xN/0605 

C .39780  03 

T3 

C.l  1620 

05 

P 3 

0 . 1 7650 

03 

NPT/T  7C 

J. 1 2660  05 

0HT/T5C 

0.33350  02 

T5 

0.1  162D 

05 

P5 

0 . 1 7650 

0 3 

wN/0607 

0. 60360  03 

DHT/N2 

0.58890-07 

T5 

0-26600 

05 

P5 

0.1  7020 

C3 

OHP  T/T7 

0.  3 3220  02 

0H/N2PT 

0 .20720-06 

T5 

0.21010 

05 

P6 

0.59860 

02 

P3/  P2 

0. 1 2000  02 

ETA  C 

3.80500  00 

T 7 

0.20750 

05 

P 7 

0.59610 

02 

P5/P6 

0.  351  30  01 

ETA  T 

0.85000  00 

T8 

0.16180 

05 

PH 

0. 1 5280 

02 

P 7/P8 

0.  32560  01 

ETA  PT 

0.88800  00 

P9 

C.l 5280 

02 

PIO/PA 

0.  10500  01 

eta  N 

0.97000  00 

T 10 

0.16180 

05 

PIC 

0.15280 

02 

OP/PHC 

0.0 

ETA  CUH 

0.99000  00 

WA 

C.58CC0 

Cl 

P 1 1 

0. 152  70 

02 

UP/ PC 

0. 35000-01 

M3 

0.56  320 

01 

TAU 

0.18190 

a 3 

DP/PI  T 

0.50000-02 

M5 

0.57550 

01 

UP/PO 

0.0 

M7 

0.58890 

01 

OP/ PHH 

0.  0 

MlO 

0.58800 

01 

OP/PN 

0.1 n5oo-OT 

MHI/P8 

0. 128  70 

02 

HO 

0.5  )000- 

■02 

EHE 

0.0 

F/A 

0.25530-01 

f N 

0.69810 

02 

EG 

0.69810 

02 

A J 

0.61910  02 

ME 

0 .50750  03 

SHP 

0.86600 

0 3 

HSFC 

0.57050 

00 

F SHP 

0. 89390  03 

ErtSFC 

0.55580  00 

1 TA-CP 

0.85  760 

00 

E I A- TP 

r.8  30  70 

00 

F lA-P  TP 

0. M7280  00 

DtSIGN  P.MNI  CALCUL4T  laNS-KFGFNfRATfD  TURHOSHAM  ENGINE 
bINGLE  SPOU.EREE  TURHINE  PROGRAM  40.01R 

DAUH-A-??  NAMt  I Crx  SOhH70? 


U.S.  AMpHl  ACV.  lUPHINE  SlUDY 
ERI  E TUhiMNE  TURtirSHAfl  SL  S 


3/\  no  2200 


INPOI 


At  T 

M 

TA 

PA 

P7/P! 

ICO 

O 

o 

c.o 

0.MH7I)  OT 

0. 1E70U 

07 

0. lOOOC 

01 

ETA  CC“4 

LEV 

EM 

ETA  N 

HPE 

F/A  CONT 

?co 

0.99C00  00 

0.  I8E00  0*3 

C.OOCCD  00 

C.  97000 

00 

C.9C00D 

01 

0.0 

HO 

BC 

HHC 

RHH 

BL 

WA 

ECO 

n.SOOOC-07 

c.  TO  con- 01 

0.0 

0.0 

0.0 

0. ABOO  0 

01 

OP/PHC 

PP/PC 

OP  /P  1 T 

np/po 

DP/PHH 

P 10/P  A 

rn 

C .0 

C.  TEOOO-Ol 

c.  scocn-02 

0.0 

0.0 

0 . lOAC  0 

01 

PT/P^ 

F r A c 

F TA  T 

TG 

ETA  PT 

EHE 

bCO 

r. l^ROC  07 

c. PC  con  00 

O.REOOn  00 

0. ?A60n 

OA 

0. H8H00 

00 

0.0 

NP  r 

N 

1 E TA-CP  1 I 

(E  TA-TP) 1 

(ETA-PTP) I 

GCO 

0. 7*^000  CG 

c.‘E8cnn  CG 

0.  0 

0.  0 

0.  0 

OUTPUT  >C.OTM 

T A 

0 .‘>1870 

OT 

PA 

0.  lA  7C0 

02 

N/R  IH7 

0.  8H0C0  08 

N/RTH8C 

0.260ID  08 

T 2 

p .8  1e70 

0 » 

P2 

0 . 1 A 700 

07 

«RT /02 

0.  A8000  01 

WN/060  8 

0.37130  03 

T 4 

0.1 1870 

OA 

P 4 

0.1 8810 

OT 

NPT /T7C 

0. 127TO  08 

0HT/T8C 

C .3A  700  02 

I ^ 

0. 1 1 b 70 

OA 

P^. 

0. 18810 

0 T 

WN/nfa07 

0. 89070  OT 

0HT/N2 

C .81280-07 

TS 

0 . 7A6CD 

OA 

P^ 

0.  1 81  SO 

0 T 

PHP 1/ T7 

0.  T 3380  07 

0H/N2PT 

0 .70880-06 

T6 

0.70780 

OA 

P(3 

0.801 7n 

02 

P3/P2 

0. 12000  07 

ETA  C 

0.80000  00 

T 1 

C.70E.1D 

OA 

P 7 

0 .A9970 

02 

P8/P6 

0 . T 6 1 8 D 01 

ETA  T 

0.88000  00 

T B 

G . IBF  70 

OA 

pe 

0 . 1 8780 

02 

P 7/P8 

0.  3267,0  01 

ETA  PT 

0 .88800  00 

PI 

0.18780 

0? 

PIO/PA 

0. lOAOU  01 

ETA  N 

0.97000  00 

no 

0 . 1S9  70 

OA 

PIO 

0. 1 87  80 

02 

OP/PHC 

0.0 

El  A CUM 

0.99000  00 

nh 

O.ARFOO 

0 1 

p 1 1 

0.18270 

02 

OP/ PC 

0. 38000-01 

ri  4 

0.A6  170 

01 

( AU 

0. 1 807') 

0 } 

OP/PI T 

0. 80000-07 

O.A  7ATD 

01 

OP/PO 

0.  0 

^ 7 

0.AFF7I) 

Cl 

OP/PHH 

0.0 

wlO 

0.A8E  70 

C 1 

OP/  PN 

0. 1 0800-07 

Mi*  T /('*4 

0. 1 ? 7E0 

07 

140 

0 . 80000- 

■02 

EHE 

0.0 

F/A 

0.7A080-01 

^ N 

0.697A0 

07 

f-i; 

0.69TAO 

02 

A J 

0.6 1 800  07 

ME 

0 .AO  100  03 

SHP 

C.8A0TO 

OT 

rtSf-r 

O.A  87)70 

00 

E SHP 

0.  88800  OT 

EPSFC 

0 .A8160  00 

f-  TA-CP 

C.8FS7C 

00 

F T A- rp 

0. 87970 

OC 

E TA-PTP 

0.8726C  00 

274 


OESIGN  PCIINI  CAlCUL4r  IONS-RfcGFNE«arEn  TUPRnSH&FT  ENGINE 
SINGLE  SPOOL, FREE  EORRINE  PROGRAM  30.018 

DATER-A-72  NAME  L COX  S06R702 


U.S.  AMROL  ADV.  TURBINE  STUDY 
FREE  TURBINE  TORPCSHAFT  SL S 


2A  200/2500 


INPUT 


AL  T 

M 

TA 

PA 

P2/PI 

ICO 

0.0 

0.0 

0.SI870  OF 

0. 1 4 70U 

02 

C.  lOOOC 

01 

ETA  CCMB 

L HV 

EM 

FTA  N 

HPE 

F/A  r LNT 

?00 

0.0900c  00 

0.I890D  OS 

C.9900D  00 

0.9700D 

00 

0. 9000D 

01 

0.0 

BO 

BC 

8HC 

BHH 

BL 

MA 

300 

C.60C0D-02 

0.9CCOD-01 

0.0 

0.  0 

0.0 

o.AHOon 

ni 

DP/PHC 

DP/PC 

OP/P  I T 

DP/PD 

OP/POH 

Pio/P  A 

<,00 

0.0 

C.  3CCOO-C1 

r.soccn-0’ 

0.  0 

0.0 

0. lOAOD 

01 

P3/P2 

ETA  C 

FIAT 

F TA  PT 

EHE 

SOU 

0. I sson  02 

0.7890D  00 

O.SACOD  00 

0. 2960D 

09 

0. 8880U 

00 

0.0 

NPT 

N 

IE  TA-CP 1 I 

IE  TA-TPll 

( E T&-PTP  t I 

600 

0.2SC3D  C5 

C.6C880  OS 

0.  c 

0.  0 

0.0 

OUTPUT  3C.038 


TA 

0. 51870 

03 

PA 

0 . 15  7CU 

02 

N /K  TH2 

0.60880  05 

N/RTHSC 

PI. 25920  OS 

T2 

0 .5 18  7D 

03 

P2 

C . 1 5 7C0 

02 

WOT/02 

0.58000  01 

WN/0S3  5 

1 . 3180C  03 

T 3 

0 . 1 26  5C 

05 

P3 

0.22780 

03 

NPT/T7C 

0.12110  05 

,)HT/TSC 

C . 35550  02 

TA 

0. 126SU 

05 

P5 

0.22780 

0 3 

WN/D607 

0.  515  71)  03 

0HI/N2 

0 .52750-07 

T S 

0.29600 

05 

P5 

0.32100 

03 

DHP1/T7 

0. 3731 C 02 

QH/N2PT 

0 .25550-06 

T6 

0.23160 

05 

P6 

0 .58630 

02 

P3/P2 

0.  1 550C  02 

ETA'" 

0 . 78900  00 

T 7 

0.22750 

05 

P 7 

0 .58350 

02 

P5/P6 

0.  3 769C  01 

ETA  T 

0 .85000  00 

T8 

0.17250 

05 

PB 

0.1  52  80 

02 

P7/P8 

0. 381 70  U1 

El  A PT 

0 .88800  00 

P9 

0. 15281) 

02 

P 10/PA 

0.  1 0500  01 

F T A N 

0.97000  00 

T 10 

0.1 7250 

05 

P 10 

0.1  5280 

02 

OP /PMC 

0.0 

eta  com 

C.990O0  00 

MA 

0.A800D 

01 

PI  1 

0.1  52  70 

02 

OP/PC 

0. 30000-Cl 

M3 

0.A579C 

Cl 

TAU 

0 .22330 

03 

OP/PI  T 

0. 50000-02 

MS 

0.A7100 

01 

OP/PD 

0.0 

M 7 

O.A902C 

01 

OP/PHH 

0.0 

MlO 

0.59020 

01 

OP/PN 

0.  1 OSCO-07 

MRT/P8 

C.  1 3^20 

02 

80 

0.60000- 

•02 

EHf 

0.0 

f /A 

0 .28600-0 1 

FN 

0. 7229U 

02 

FG 

0.72290 

02 

A J 

0.65120  02 

MF 

3.57150  03 

SHP 

0.10630 

05 

flSFC 

0.55350 

00 

E SHP 

0.  1 0920  05 

EBSFC 

3 .53180  GO 

ETA-CP 

0.8SC9D 

00 

t TA- TP 

0.81850 

00 

E lA-PTP 

0.  87090  00 
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OFSIGN  POINT  CALCULAT IONS-REGFNERATFO  TURPOSHAFT  ENGINE 
SINGLE  SPOOL, FREE  TURBINE  PROGRAM  30.0T8 

OATFfl-A-72  NAME  L OCX  S06S702 


u.s.  amrol  acv.  turbine  study 

FRFE  TURBINE  TURPQSFAFT  SLS 


3 A 200/^500 


INPUT 


ALT 

M 

TA 

PA 

P2/P1 

ICO 

0.0 

Q.C 

0.S1870  03 

0.  1470D 

02 

0. 10000 

01 

ETA  COMB 

L HV 

EM 

ETA  N 

HPE 

F/A  CQNT 

2 00 

0.90000  00 

0.18A00  OS 

C.99C00  CO 

C- 97C0D 

CO 

0.90000 

01 

0.0 

BO 

ec 

8HC 

8HH 

8L 

WA 

3C0 

0.60000-02 

C.3CCOO-01 

0.0 

0.  0 

0.0 

0. 48000 

01 

DP/PHC 

OP/PC 

OP/PIT 

DP/PD 

OP/PHH 

PIO/PA 

ACO 

0.0 

0.30000-01 

O.SOCOU-02 

0.0 

0.0 

0 . 10  40  0 

01 

P3/P2 

FTA  C 

E TA  T 

T5 

FTA  PT 

FHE 

SCO 

O.ISOOO  02 

0.77000  00 

U.8ASC0  00 

0. 29600 

04 

0. 88800 

00 

0.0 

NPT 

N 

( F lA-CP 1 I 

IF  TA-TP) 1 

(FTA-PTPII 

600 

0.2S00C  OS 

C.SA7C0  OS 

0.0 

0.  0 

0.0 

OUTPUT  2C.038 


TA 

0.51870 

03 

PA 

0. 147C0 

02 

N/RTH2 

0.  54700  05 

N/R1H5C 

0.23290  05 

T2 

0.51 E 70 

03 

P2 

0. 147CO 

02 

WRT  702 

0.48000  01 

MN/0605 

C .298  30  03 

T3 

0.12700 

04 

P3 

0.22040 

01 

NPT  /T7C 

0. 12080  05 

0HT/T5C 

0 .35330  02 

T4 

0.12700 

04 

P4 

0.22040 

03 

MN/0607 

0. 52440  OX 

UHT /N2 

0 .651 30-07 

TS 

0.29600 

04 

PS 

0.21380 

03 

0HPT/T7 

0. 36890  02 

0H/N2PT 

C .25300-06 

T6 

0.2  3180 

04 

P6 

O.S75SO 

02 

P3/P2 

0.  1 5CCU  02 

eta  C 

0.77000  00 

T 7 

0.22870 

04 

P 7 

0.S7260 

02 

P5/P6 

0.37150  01 

ETA  T 

0.84500  00 

T8 

0.17420 

04 

P8 

0. 1 5280 

02 

P7/P8 

0.  17470  01 

ETA  PT 

0.P880C  00 

P9 

0.15280 

02 

PIO/PA 

0. 10400  01 

FTA  N 

0.97000  00 

T 10 

0.17420 

04 

PIC 

0 . 1 S2er> 

02 

OP#  PMC 

0.0 

FTA  COM 

0.99000  00 

MA 

0. 48000 

01 

Pll 

0.152  70 

02 

OP/PC 

0. 30000-01 

W3 

0.46270 

01 

tal 

0.22190 

0 1 

OP/PI  T 

0.  50000-02 

MS 

0.47590 

01 

OP/PD 

0.0 

M7 

C. 49030 

0 1 

OP/PHH 

0.0 

MIO 

0.49030 

01 

OP/PN 

0. 1 0500-02 

MRT/P8 

0.13390 

02 

HO 

0 .60000- 

-02 

FHE 

0.0 

F#  A 

0 .28520-01 

FN 

0. 72#  6C 

02 

FG 

0 . 72660 

02 

A J 

0.64440  02 

WF 

0 .47500  03 

SHP 

0. 10560 

04 

HSFC 

0.44970 

CO 

F SHP 

0. 10850  04 

FriSFC 

0.43770  00 

FTA-CP 

0 .8 1670 

00 

ElA-TP 

0.82420 

00 

E TA-PIP 

0.87120  00 

276 


OESIGN  POINT  CALCULATICNS-PEGENERATED  TUHBOSHAFT  ENGINE 
SINGLE  SPOOL, FREE  TURBINE  PROGRAM  30.038 

0ATE8-A-T?  NAME  I CfiX  S068702 


U.S.  AMRDL  ACV.  TURBINE  STUDY  / 

FREE  TURBINE  TURBOSHAFT  SL  S 2A  170/2500 

INPUT 


alt 

M 

TA 

PA 

P2/P1 

ICO 

0.0 

0.0 

0. SI  870  03 

0.  IB  700 

02 

0. 10000 

01 

ETA  CCMB 

LHV 

EM 

ETA  N 

HPE 

F/A  CONT 

?00 

C.R9C0U  00 

0.18B0D  OS 

C. 99000  00 

C. 97000 

00 

0.90000 

01 

0 .0 

BO 

BC 

BHC 

BHH 

RL 

WA 

300 

c.scoon-02 

0. 3CC0D-Q1 

0.0 

0.  0 

0.0 

0.B800D 

01 

UP/PHC 

OP/PC 

UP/PIT 

DP/PO 

DP/Phh 

PIO/PA 

BOO 

0.0 

C. 3SC0O-O1 

C. SCCOO-02 

0.  0 

0.0 

0.10  BOO 

01 

P3/P2 

ETA  C 

ETA  T 

TS 

ETA  PT 

EHE 

SCO 

0.12000  0? 

0.8OB0O  00 

0.8BC0D  00 

0. 29600 

OB 

0.88800 

00 

0.0 

NPT 

N 

(ETA-CPI  I 

IF  TA-TP) I 

(ETA-PTP W 

6C0 

0.2SOOC  OS 

0.S8230  OS 

C.O 

0.  c 

0.0 

OUTPUT  30.038 


TA 

0.S1F70 

03 

PA 

0.  IB7CD 

02 

N/R  TH2 

0. S8230  OS 

N/RTHSC 

0.2B810  05 

T2 

0.S1870 

03 

P2 

0.  IB  700 

02 

mRT/I12 

0.B800D  01 

HN/D60S 

C.BOOOO  03 

T 5 

0 . 11620 

OB 

P 3 

0. 1 T6BD 

03 

NPT/T7C 

0.  1 1 8B0  OS 

OHT/TSC 

0.30080  02 

TB 

0.11620 

OB 

PB 

0.176B0 

03 

«N/0607 

0.S32BD  03 

0HT/N2 

0.B8890-07 

TS 

0.29600 

OB 

PS 

0. 1 7C20 

03 

0HPT/T7 

0. 36690  02 

0H/N2PT 

0.261SC-06 

T6 

0.2B170 

OB 

P6 

0.S68BD 

02 

P3/P2 

0.  12000  02 

ETA  C 

0 .80B00  00 

T 7 

C.238CO 

OB 

P 7 

0 .S6S5U 

02 

PS/P6 

0. 299BC  01 

ETA  T 

0.8B00D  00 

T8 

0.18230 

OB 

P8 

0.1S280 

02 

P 7/P8 

0. 37000  01 

ETA  PT 

0.88800  00 

P9 

0. 1 S28D 

02 

PIO/PA 

0.  1 OBOO  01 

ETA  N 

0.97000  00 

T 10 

0.18230 

OB 

PIO 

0. 1S280 

02 

OP/PHC 

0.0 

ETA  COM 

0.99000  00 

MA 

0 .B8Q00 

0 1 

P 1 1 

0.1S270 

02 

OP/ PC 

0. 3SOOO-01 

M3 

O.B6220 

Cl 

TAU 

0.2297U 

03 

DP/PI  T 

0. SOOOO-02 

MS 

O.B  7720 

01 

DP/PD 

0.0 

M 7 

0.B9160 

Cl 

OP/PHH 

0.0 

MlO 

0.B9I6C 

01 

OP/PN 

0.  1 OSOD-02 

MRT/P8 

0.1  3 7 31) 

0? 

HO 

0 .soocu- 

•02 

EHE 

0.0 

F/A 

U . 30  190-0  1 

FN 

0.7BS1G 

02 

EG 

0 . 7BSIU 

02 

A J 

0.66090  02 

WE 

3.S03BD  03 

SHP 

0. 10930 

OB 

MSEC 

0 .B6CS0 

00 

E SHP 

0.  1 1230  OB 

FBSFC 

0.BB830  00 

FTA-CP 

0.8S760 

00 

FTA-TP 

0.822SO 

00 

E lA-P  TP 

0.  871  SO  00 

DESIGN  POINT  CALCULAT IQNS-REGENFRATED  TUPROSHAET  ENGINE 
SINGLE  SPOOL, FREE  TLIRHINE  PROGRAM  30.C5R 

OATEe-R-7?  NAME  L COX  S06H702 

u.s.  AMRDL  Acv.  Turbine  study  , 

FREE  TURBINE  TURBOSHAFT  SL  S 2A  200/2200 
INPUT 


AL  T 

M 

TA 

PA 

P2/P1 

TOO 

o 

o 

0.0 

0.5  I 87D 

0 3 

0. 19  7on 

02 

0. lOOOO 

01 

ETA  CCMR 

L HV 

EM 

ETA  N 

HPE 

F/A  CUNT 

2 CO 

0.O9COC  00 

0. 1 BAOD  05 

0. 99000 

00 

C. 9700D 

00 

C. 90000 

01 

0.0 

BO 

BC 

RHC 

HHH 

PI 

MA 

300 

0 .60000-02 

0.  30C0D-0I 

0.  C 

0.  0 

0.0 

0.9800D 

01 

OP/PHC 

OP/PC 

[iP/PI  T 

OP /PD 

DP/PHH 

P 10/P  A 

ROO 

0.0 

0.  3CC0D-0I 

C.5CC0D- 

•02 

0.0 

0.0 

0 . 1090C 

01 

P3/P2 

ETA  C 

ETA  T 

T5 

ETA  PT 

EHE 

500 

C. 1 550r  0? 

C.78S0D  00 

0. 89500 

00 

0.  26600 

09 

0. 88800 

OU 

0.0 

NPT 

N 

(E  TA-CP) 

I 

(f  TA-TP) I 

(FTA-PTP)  [ 

BOO 

C.2500D  05 

C.6CPRD  05 

o 

o 

o 

o 

0.  0 

OUTPUT  30.0)8 

T A 

0.5  1870 

03 

PA 

0.1  9 700 

02 

N/R  TH2 

0.60880  05 

N/PTH5C 

0.27300  05 

T2 

0.5187D 

0 ) 

P2 

0. 19  70U 

02 

V,RT/02 

0.  98000  01 

MN/060  5 

0 .31950  03 

T 3 

0. 12650 

09 

P3 

0.22  780 

03 

NPT/T7C 

0. 1 2990  05 

DHT/T5C 

0 . 38890  02 

T9 

0 . 1 2650 

09 

P9 

0.22  780 

0 3 

WN/D607 

0.  599CU  03 

DMT/N2 

0.52200-07 

T5 

0 . 2660D 

09 

P5 

0.22100 

03 

DHPT/T7 

0.  33250  02 

OH/N2PT 

0 . 19890-06 

T6 

0.20C9D 

09 

P6 

0.50120 

02 

P3/P2 

0. 1 5500  02 

ETA  C 

. . 78900  00 

T 7 

0.19820 

09 

P 7 

0.99870 

02 

P5/P6 

0.99090  01 

ETA  T 

0.89500  00 

T 8 

0. 15  900 

09 

P8 

0.15280 

02 

P 7/P8 

0. 32630  01 

FTA  PT 

0.88800  00 

P9 

0 . 15280 

02 

PIO/PA 

0. 10900  01 

ETA  N 

O.9700D  00 

T 10 

0. 15900 

09 

P 10 

0 . 1 52  80 

02 

OP/PHC 

0.0 

eta  com 

0.99000  00 

M A 

0.98000 

0 1 

P 1 1 

0.1  52  70 

02 

DP/PC 

0. 30000-01 

M3 

0.96270 

01 

TAG 

0.17910 

03 

DP/PI T 

0.50000-02 

W5 

0.97330 

01 

OP/PO 

0.0 

M7 

0.98770 

01 

OP/PHH 

0.  0 

MlO 

0.90  7 70 

01 

OP/PN 

0. 10500-02 

MRT/P8 

0.12520 

02 

RO 

0 .60000- 

■02 

FHF 

0.0 

E/A 

0 .22870-01 

EN 

0 .6  7950 

02 

EG 

0.67950 

02 

A J 

0.  60260  02 

WF 

P . 38090  03 

SHP 

0.82860 

0 3 

RSFC 

0.959  TO 

00 

F SHP 

0. 85580  03 

ERSFC 

0.99510  00 

ETA-CP 

C.85C90 

00 

ETA-TP 

C. 82050 

00 

ETA-PIP 

0.  87250  00 
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APPENDIX  B 


COMPUTER  OUTPUT  FOR  PRELIMINARY 
TURBINE  DESIGN 


The  computer  output  for  the  preliminary  (baseline)  turbine  design  from 
Program  08.058  is  included  in  this  appendix. 
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SimSTiruIlON  JCl  - SYSnuT  = ( (>,  , WHI  T I ,OCH=  ( BfcCI- M = f . LRK-l  ='iu  ,Hl  K $ 1 Zh  =80  I 
XXFT03E001  no  SYSnut  I tCnjTPUT  , , (,t  IIHM)  , OOJOOlhO 

IEEf.831  SOHSTITUIinN  JCl  - S Y SO  U I = ( A , , 1 P8  I I , 

XX  OCB=  I KECF  M =f  A,  L8FCL  = 1 3 3 ,Hl  KSI  ZF  =:  1 1 3 ) OOJOUl/0 

XXEIO<.f001  OD  USN=  f.Cf  TO'.F  001  .OM  I = SPO0L  ,01  SP=  (010,01  LI  II  .01  I t Tl  I , 00000180 

XX  OtB= I LPtCL  = B0,PECFM  = H3,BLKSI ZF =8001  , 10000100 

// 


I EF2  36  I 

ALLOC.  FOR  SE0Z0268 

1 EX 

1 EF2  3 7 1 

2 30 

ALL  OCATFO 

in 

STFPLIB 

IEF237I 

2 39 

ALLUCA  TEO 

TO 

FTOlFOOl 

IEF217I 

233 

Al  LOCA  TED 

TO 

F T02F001 

1 EF?  37 1 

2 39 

ALLOCATED 

TO 

F T03FO0I 

1 EF237 I 

233 

ALLOCA  TED 

TO 

F T09F001 

DATE  8-12- 

72  NAMF  HANS  DUF 

So  70268 

ENGINF  NO 

19/  1 

180  HTl!  AMWOL 

DESIGN  NO 

2900 

DFG  F 

PAKI  NO 


input  data 


SPEED  - IKPM  I 0. 

I EMPE  kATlJKF  0, 

AIR  COOL  ING  0. 

INC  lOENCE  -5  0. 

NO/ZLF  CLFAKENCE  0. 

FOEL-AIH  RATIO  0. 

BETA  -1  0. 

NOZZLE  LOAD  CCIEFF.  0. 

CASCADE  AXIAL  WIOTH  (NOZZIO. 
THICK-CHJRO  RATIO  (NOZZI  0. 
TRAILING  FOGT  THICR.  (NOZ)O. 
NO.  OF  MIZZLE  BLADES  0. 

VX9/VCR0  0. 

NOZZLE  LOAD  FACTOR  RATIO  0. 
PERCENT  TIP  SHROLIO  R I DT  H 0. 
WORK  FACTOR  0. 


C.UOOOOOOO  OS 
Z8hOnOOOO  OA 
100000000  01 
0 
0 

Z 8 000 0000 -01 
0 

ZSOOOOOOO  00 
OSOCOOOOO  10 
180000000  00 
300000000-01 
0 

sonoooooo  00 

ZOOOOOOOO  00 
0 
0 


WORK  - RlU/Lii.  0. 

PRISSURI  0. 

INCIUFNCE  -1  0. 

A S / A 9 0 . 

ROTOR  CL  EARL  NCI  J. 

WF  IGHT  FLOW  0. 

VFincITY 

ROTOR  LOAD  COEF  F . 0. 

CASCADE  AXIAL  flOTE  ( RCjT  ) 0. 

THICK-LHORO  RAIILj  (PFIT)  0. 

TRAILING  FOGE  THICK.  I ROT  10. 
NO  OF  ROTOR  BLAOl  S J. 

VXl/VCRl  0. 

ROTOR  LOAD  factor  RATIO  0. 

TAPER  FACTOR  0. 

WORK  FACTOR  AT  H(IB  0. 


180.100000  0 3 
188610000  03 
0 

ZOO  100000  00 
110000000-01 
A8000000D  01 

isojoooon  03 

1 00000 DjO  01 
600000000  01 
ZOOCOOOoO  00 
300001000-0 1 
0 

ISOOOoOOO  00 

izoooooon  01 
zooooomo  u.i 

SOOOOOOOO  01 


OUTPUT  DATA 


CRIT  VFL  RAT  1 =0. 
MEAN  RADIUS  =0. 
NTIZ  LOSS  COEF  .,0. 
OPT  NO.BLAOFS  N=0. 
REYNOLDS  NO  N -J, 


199996130  00 
290S90Z90  01 
119930160  01 
186836370  02 
803399700  06 


WHFFL  SPEED  =0.1S212o81D  09 
EFFICIENCY  =0.8JI6I88«D  00 
ROT  LOSS  COEF  =0.191980790  01 
DPT  NO. BLADES  R=0.9 1 OS099 70  02 
REYNOLDS  Nil  R =0.188300930  06 


STATION  9 

CRIT  VEL  RATIO  =0, 
GAS  ANCLE  =0. 


1201180911 
67  387  1980 


01 

02 


CRIT  VFL  RAl  A =0.961858  390  00 


STATION  5 


OUTER  RADIUS 

= 0.3199562  10 

01 

iNNbR  KAOIUS  =0.?666^5560 

01 

GAS 

ANGL  E 

•0. 696362660 

02 

CR  I I 

VFL  RAI  Ml  =(1.  1 1 82  75  B3U 

01 

CR  1 T 

VEL 

RAT  A 

=0.91 1579300 

00 

CR  1 T 

VIE  RAI  I =0.1  101:8  39  00 

01 

REl 

GAS 

ANGL  E 

= 0.98  309509D 

02 

REL 

TIITAl  PRE  SS  = 0. 9195667511 

02 

REL 

VEl 

RATIO 

=0.665228850 

00 

WHEEL  SPEID  RAI=0. 695971290 

00 

NOZ 

PROE 

LOSS 

0*0.376573020- 

01 

NUZ 

PRIIE  KISS  5=0.3  7652  3020- 

01 

NUZ 

SEC 

1 OSS 

= 0.  19  1 1891  ID 

00 

NLIZ 

SEC*Cl  L USS»0. 19 1 189 1 ID 

00 

NOZ 

I .E  . 

LOSS 

*0.  191  3 780511- 

01 

NOZ 

TUIAL  PR FSS=0. 16939785D 

0 3 

SI  AT  ION 

8 

HU 

VEl 

RATIO 

*0. 103139060 

01 

REL 

VI  1 PA  I A =0.589  79258D 

00 

HU 

GAS 

ANGL  E 

*0. 5595  71  780 

02 

STATION  9 
OUTER  RADIUS 
GAS  ANl,l  F 
CRIT  VEL  RAT 


0 1 

1 NNl 

K WAUIUS 

02 

CR  I I 

VT  1 

HAT 

0 0 

CRI  I 

Vt  1 

RAT 

= 0.2563  Z'.89il  01 
(1  *0.5268863011  00 
I *-.16692989(1  00 


280 


RtL  GAS  ANGlt  =0.60/536780  07 
RH  VfL  RATIO  =0.S7A/688U)  00 
Rfl  TOTAL  PR(  SS  =0.  76'/00A66D  07 
REl  Vtl  RAT  TAN=0.  85  J517081)  00 
total  temp  =0.776)58900  OA 

HOT  PRUE  LOSS  0=0.777508860-01 
ROT  SEC  LOSS  =0.779171360  00 
ROT  T.E.  LOSS  =0.655501680-01 


HEL  TUIAL  temp  =0.759751060  05 
RHEEl  SPIED  RAT=0. 775557750  00 
total  press  =0.531557990  0? 
LIMIT  LOAU  =0.1  1 1 781870  01 
HUH  CENT  STKE SS=0.51 1 173 300  05 
RUT  PROE  LOSS  5 = 0. 7 7 7508 8 60- 0 1 
ROT  SLC*CL  LOSS=0. 330796870  Ou 


EORfE  (.  AL  COLA  I I nos 

NOZ  AXIAL  EURCF  =0 . 105560330  05  RUT  AXIAL  E (IRC  E =0 . 78  50  36  6 50  01 

N07  tan  EORCE  =0.389580550  01  RUTuR  TAN  I iJRC  I =0 .55  1 7 16  670  0 3 


HUH  CALCULATIONS 


STATION 

1 5 

b T A]  ION  <V 

GAS  ANGLE 

0.7  1 1 6 ) 3 380 

0^ 

.'0/  i^O  f'^0 

.)/ 

CRIf  VEL  RATIO  A 

0 . 5 179  7 1810 

00 

t;»r) 

00 

REL  GAS  angle 

0.561  896  760 

0^ 

o.bHo.ws  no 

02 

REL .total .temperature 

0.755583670 

-)4 

0. 

J4 

REL .VELOC 1 T Y RATIO 

0 . 799035  770 

00 

0.‘V?423H^M) 

00 

CRIT  VELOCITY  RATIO  (TAN) 

0. 171055670 

0 1 

it>oi  r ro 

)0 

«Hll  L SPl  EO  RAT  1 0 

0.593906850 

00 

iO  7 0l> 

Ou 

T CT  31.  pel  pres  Slip  f 

0.876819050 

0? 

0.  7 i *0 

)2 

STATIC  PRESSURE 

).b01 551060 

)? 

0.  ^7^S305MU 

)2 

R LL  VEl  OC  I T Y RATIO  (TAN) 

0-  7OS00ti  740 

0 ) 

CRIT  VELOCITY  RATIO 

). 177905900 

01 

0.b343Ra8^0 

00 

HUH  REACT  ION 

0.  I 6 56  328  70 

0>) 

T 1 P 

CALCUL  Al IONS 

STAI ION 

5 

S TAT  I UN 

9 

GAS  ANGl  E 

0.680873380 

07 

-.  1663910  70 

07 

CRIT  VEL  RATIO 

A 

). 5 179871  30 

00 

0.599/85550 

00 

Rll  GAS  ANGLE 

0. 3878571  70 

0? 

0.6  750  371  10 

07 

RFL  . TOT  Al . T F MPFM  ATURF 

0.751  101080 

05 

0.753158710 

05 

Kfl  . y/f  LUC  I T Y « AT  in 

0.5605901 00 

0 0 

0.  107  3589  )U 

01 

CHIT  VE  L OC  I T Y 

RA  T II)  ( TAN  ) 

0 . 107657760 

01 

-.  159365000 

00 

WHE 1 L SPI EO  PATIO 

J.  700  5598  70 

00 

0.81 0866700 

00 

TOTAl  REL  PRESSURE 

3.959799870 

07 

0.81 1731 780 

07 

STATIC  PRESSURE 

0.800363680 

07 

0. 5786858  70 

07 

REL  VELOC I I Y RAI 10  I TAN) 

0.907965070 

00 

CRIT  Vf  LUU  T Y 

RATIO 

0.1106391 30 

01 

0.571677350 

00 

ME  CHAN  ICAl 

iJf  S ir,N  PAHAMt  T(  kS 

ROTOR 

BOfH  AP  i A 

0.8  ) 70605  30- 

01 

ROTOR  TIP 

AR  f A 

0. 

38 160 9760- 

•01 

TOT  Al 

Cf  NTH  IFUGAl  ST  KF  bS 

C.  35')C9999U 

05 

HL  AUt  Wt  1 GHT 

0. 

10015  31  BO- 

01 

DISK 

WF  1 GH  r 

0.5690071 10 

01 

KnOT  ANGLt  Of 

IMIN  EROM 

ROTOR 

ROOT  - IMAX 

0.70  157  8 390- 

07 

f NC,  I N f C F N T r H 1 

INE  0 . 

71  3303790 

07 

ROTT.R 

HOOT  - IMIN 

0.  3 78  75  1 8 70- 

■03 

rotor  root  BENOlNG  SIRISS  0. 

1 658  3 7560 

05 

ROTOR 

ROOT  TOTAL  STPfSS 

0.  366583650 

U5 

NOZZ 

HUH  AXIAI  WlOTH 

0.88  777  3650 

00 

NOZZ  TIP 

AXIAL 

width  l)  . 

8 3006  765  0 

10 

ROTOR 

HOB  AXIAI  WTIITH 

0.6 15  55 1 180 

30 

ROTOR  TIP 

AX  1 Al  **  1 i)T  H 0. 

5 8 7 50  5980 

JO 

RLAOE 

! f MP  (TIP) 

0.75  79  1 85  70 

05 

rtl  AOr  If  MP  ( MIAN)  0, 

75  39  788  10 

05 

BL  ADE 

TfMP  (HUB) 

').  75  1 595  790 

05 

TAPfK  f AL TOR 

J. 

7 01 797070 

)0 

IPMI- 

I/PH|-U)ROT()K 

0. 1 19795650 

01 

STEWARTS  I I E I C It  NC  Y 

TOIAI  to  STAT IC=0. 758591570  00  TOTAl  TO  TOTAl  =0.855578100  00 


713C  » NO  117  1 ,0.305583370  03  OloRKS  E C 001  I NO  RlguiRED  f OH  100  MRS.  LITE 
SN700*  NO  L I E 7,0.758  555  7 70  03  OEGRIES  E C 001  I NO  RtUUIREO  EOR  100  HRS.  LIEI 
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1 NPUI 


AIK  I, not  n)  sK, r HIM 


K Nfv;i  F coin  ING-A 
W no; /I  t ClUUING-rt 

yt  NO/ /1 1 cur'i  ujr.-c 

K NO/  / I F cnni  ING-O 
COOL  A IP  UMP-C 
OfcL I A m I A NO//L I -S 


= 0.0 

= o.'.onoooo  )o-o  1 

= 0.  S(;000000i)-02 

= o.soooooooi)-o.'> 

= 0.12060000')  O'. 
= 0.0 


w PUT  OK  OUUI  I NG-F 
w POT  UP  CUnilNO-F 
H POT  OP  cum  ING-G 
> PUIIIP  CUUlING-H 
CUUL  PPFSb-H 
UFLiA  alpha  POTUP-9 


=0. 1 iOOOOOOD-O 1 
=0. /OOOOOOOU-02 
= 0.0 

=0.300000000-0 1 
=0-1 9^^)0000  03 
= 0.0 


OUT  PUT 

- 

ROT  UP 

Mf  AN 

coct  ant  I FMP 

= 0. 1668662  30 

06 

POTUK 

T 1 P CtJOl  AN! 

Tf-MP 

= 0.  16  6896360 

06 

PUTOR 

IMF! 

I n T A 1 

1 1 P 

=0.2/6216710 

06 

ROTOR 

MIT 

T ITAl 

IbMP 

=0.212063920 

06 

ROTOR 

1 NL  t I 

TOTAL 

PKFbS 

= 0.  162996  780 

03 

PUTOR 

EXIT 

total 

PHt  SS 

=0. 668896300 

02 

HUH  Kl  AOF  TEMP  IJNCUOLH) 
MEAN  HlAUt  TFMP  JNCOmtO 
IIP  BlAUt  TFMP  uncuulfd 
f F F I C I F NC  Y 
bFF  ICIFNCY  LOSS 


= 0.22/'.7395D  O'. 
= 0.231090811)  O'. 
= 0 .2  3'.38  1620  O'. 
= 0. /6'F88379D  00 
=0. 367)60820-01 
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APPENDIX  C 


COMPUTER  OUTPUT  FOR  FLOW  PATH 
STREAMLINE  ANALYSIS 


The  streamline  analysis  for  selecting  the  ASATT,  detail 
flow  path  was  performed  using  computer  Program  08.086. 
from  those  runs  is  included  in  this  appendix. 


design,  turbine 
The  computer  output 


283 


o O O O C O O CJ  O c> 
OOOOO  DOOOOO 


<o  00000:^00000 


— • >r  — 

u O'  A m V5  ^ o 

O •-  --  '*  •-«'*•  i/'  o 
r;  'N  «,•».'  Co  O ^ o 

OOC  OC*>  — — -•-‘O 
I I I I I I t I • 


oooirrooooooo 

ooooooooooo 


«*  V''  M ^ c V tr» 

« :?•  .r  o -r  .r-  XI  ' 

o ~j  — o o . 



W —.->»/><■  rv  -- 
« r-»  --  I I 14 
• I I 


oocoooooooo 

oooocoooooo 


rf'  rsi  o ^ -O  < 
o o ■-*  ' X W t 

^■^  J*  A.'  •.■'  i ^ kl 

o o o o o o o c 


o o o 
u'>  r o 'f 
— c 

kf  -*k  k<>  -r 


ooooocooooo 
r..^  ooo  ^ooocooo 


— I r?  kp  ' O ' 

— O f*'  ')  lU  - 

k^>  ,*v  ; ••■  r ' 

ir-  i»“  *r  .■'  c>  X kT  i, 

o o o c c o < 


o « 

»•  k/>  J 
'NJ  — O > 
tf\  r-  -f 


ooooooooooo 
oroooo  Doooo 


i.*'  »><  o X 

o o * -i  X* 

rf-  c -•  • 

^•1/  - n i/>  »<'  »' 


o -•  o 

iT  k.'  ^ 

.M  ' } <y 

iTk  f 


«^^»fv»^“OjkfvC‘»r'^o 
r r ■•'  £■  -r  c)  -r  rr\ 
o o • T*  o -i 

. ■ •:  o f c X 

c;  O o '—  * o > ■-'*  O'  w*  O' 


OO.^'^OOO' 


M •>r-/s.r 

TC-  — = 

:•“/>■  r X 'I  • 'T  ^ 

j»^  ^ ^ r* 


^ (,*'  f*' 

r-  jT)  ■''  ^ 


•_>  o ^ • .'  <-'v  c*  ri.  X 

'JO  — 

-*  ^ •5'  .-’-  -roooo 

7 jj-t  iOOOO 

I I I I I I < 

n - -T  r 'j»  <%  w~  x 

ier 

.n  w g*  .'  . J .'  iT  •r-  «• 

^ r*  »«•—■?*■ 


OOf'jO'-f  OOOOO 


OC  ■.  B “-X*  -*■  — X ir 

-■O'  C-  *>  f?  *.'  •-'  •'* 

rn  f<i  r.  r.  f*i  o "Tk  .»>  f*i  r*' 


*s.  _ . — fc  '3  t.' 

r fc.  -»  r • .;  g » ^ O 

rg  . 4 1 4 r-  *-4  r<  *u  ^ 

O '•  o O o 3 o O .*>  o 


3’''Oor> 

• »--*.  .'  g-  A -1  iT 

- — _Pj-» 

•V  ^ -g  '.  - '.  A'  fS,  <S 


I ^ tA  43  A*  «J  /-  '5  • 


»fgf«  ^frf'  .OA.  a^/'O* 


284 


STR£AMLISE  ANALYSIS  RUN  I CONSTANT  MEAN  LINE  , CONSTANT  ^P/P  , CONSTANT  WORK 
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EXIT  TOTAL  PRESSURE  (DESIGN  VELOCITY  TR1ANGLES> 
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The  stage  efficiency  printed  below  refers  to  the  two  preceding  blade  rows 

The  relative  velocities  and  nachnumbers  refer  to  the  blaoe-row  following  this  station 


M4SS-4VCRAGt  I0T4L  UMPe«4IUHE«  2860.00 

H4SS-4VeR4CE  I0f4L  PRtSSURF*  24506.3  CUMULAtIVE  TOTAL  PRESSURE  RATIO*  0.9023 
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APPENDIX  D 


TESTING  SEQUENCE  FOR  PHASE  II 


The  actual  testing  sequence  of  all  tests  run  in  Phase  II,  together  with 
the  test  time  for  each  test,  is  Included  in  this  appendix. 
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TESTING  SEQUENCE  - PHASE  II 


CONDENSED  LOG  ASATT  TEST  PROGRAM 


DATE 

RUN 

NUMBER 

DACS  TAPE 
I.D.  NO. 

MTS  EQUA- 
TION NO. 

TEST  NO. /DESCRIPTION  TEST 

(See  Table  II  for  Test  Dlsc)TIME 

4/20 

Null  Sta.  9 Probe 

1.33 

4-27 

0.1 

Eqpt.  Check  Run 

1.83 

4-30 

Null  Check  of  Sta.  9 

0.75 

5-2 

0.2 

Run  Check,  Sta.  9 Survey 

6.40 

5-4 

0.3 

Null  Sta.  9,  Sta.  9 Survey 

4.03 

5-10 

0.4 

Leak  and  Eqpt.  Check 

1.92 

5-11 

Load  Cell  Cal.  While 

Pressurize 

1.97 

Test  Number  1 

5-14 

0.5 

A4473134 

Full  Survey  with  MTS 

System  Removed 

5.90 

5-15 

0.6 

Hot  Film  Survey 

1.85 

Ball  Bearings 

and  Silicon  Rubber  Diaphragm  Installed 

5-18 

Null  Sta.  9;  Calibrate 

Force 

0.95 

5-21 

Calibrated  Force 

1.25 

Replaced  Failed  Rubber 

Diaphragm 

5-22 

1.0 

Test  Number  1 

4.38 

5-23 

Calibrated  Force 

0.92 

5-24 

Calibrate  Force  & Rig  Press 

.2.42 

Press . 

Replaced  Rubber  Diaphragm  and  Added  Diaphragm  Restraint 

5-25 

1.2 

Test  1 with  Recal.  of 

Force 

2.00 

Test  Number  2 

Configuration  Installed 

5-29 

2.0 

A4473149 

Full  Sta.  8 Survey 

5.88 

6-6 

2.1 

Hot  Film  Survey 

0.62 

6-8 

2.2 

A4473159 

Hot  Film  Survey 

2.27 

6-12 

3.0 

A4473163 

Full  Sta.  8 Survey  MTS 

System  Removed 

7.97 

MTS  Vane  Assembly  Re-operated  per  X604054-1 

6-13 

3.1 

A4473164 

Full  Survey  of  Sta.  8 

3.00 

Test  Number  3 Configuration  Installed 

6-21 

4.0 

A4473172 

Sta.  8 and  Hot  Film  Surveys 

6.07 

6-25 

4.1 

A4473176 

Hot  Film  Survey 

1.77 

Test  Number  4 

Configuration  Installed 

6-29 

5.0 

A4473180 

5 

Test  No.  4 

4.42 

7-2 

5.1 

5 

Hot  Film  Survey 

2.58 

Turbulence  Screen  2 Installed 

7-12 

6.0 

A4473193 

5 

Test  No.  6 

5.63 

7-13 

6.1 

5 

Hot  Film  Survey 

3.75 

7-14 

6.2 

A4473195 

5 

Hot  Film  Survey  Repeat 

2.50 

Turbulence  Screen  1 Reinstalled 


TOTAL  TEST  TIME  84.36 
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CONDENSED  LOG  ASATT  TEST  PROGRAM 

RUN  DACS  TAPE  MTS  EQUA-  TEST  NO . /DESCRIPTION  TEST 


DATE 

NUMBER 

L.D.  NO. 

TION  NO. 

(see 

Table  II  for  Test  Dlsc)TlME 

7-14 

7.0 

A4473195 

5 

Test 

No.  7 

1.50 

7-14 

8.0 

A4473195 

5 

Test 

No . 8 

1.33 

7-16 

9.0 

A4473197 

5 

Test 

No.  9 

2.17 

7-17 

10.0 

A4473198 

5 

Test 

No.  10 

2.42 

7-17 

11.0 

A4473198 

5 

Test 

No.  11 

1.75 

7-18 

12.0 

A4473199 

5 

Test 

No.  12 

3.00 

7-18 

10.1 

A4473199 

5 

Test 

No.  10  Repeat 

1.50 

7-19 

11.1 

A4473200 

5 

Test 

No.  11  Repeat 

1.50 

Labyrinth  Seal  Was  Installed 

Actuator  Nozzle  Was  Installed 

9-7 

Leak 

and  Inst.  Check 

Run 

0.83 

9-8 

13.0 

A4473251 

4 

Test 

13;  A Leak  was 

Noted 

3.08 

9-17 

13.1 

A4473260 

3 

Test 

13  Repeat 

2.92 

9-17 

14.0 

A4473260 

3 

Test 

14 

0.50 

9-21 

15.0 

A4473264 

3 

Test 

15 

2.83 

Rotor  Configuration  Was  Installed 

10-8 

16.0 

A4473281 

2 

Test 

16 

5.33 

10-9 

17.0 

A4473282 

2 

Test 

17 

1.67 

10-10 

18.0 

A4473283 

2 

Test 

18 

2.17 

10-11 

18.1 

A4473284 

2 

Test 

18  with  Bypass 

Flow 

2.17 

10-15 

18.2 

A4473288 

2 

Test 

18  with  Bypass 

Flow 

1.33 

10-16 

19.0 

A4473288 

2 

Test 

19 

3.00 

Cooling  Flow  Manifold 

Installed 

10-23 

26.0 

A4473296 

2 

Test 

26 

2.53 

10-24 

27.0 

A4473297 

2 

Test 

27 

2.92 

10-25 

27.1 

A4473298 

2 

Test 

27  Continued 

2.42 

10-25 

28.0 

A4473298 

2 

Test 

28 

1.83 

10-26 

28.1 

A4473299 

2 

Test 

28  Continued 

1.33 

Slave  Rotor  Was  Installed 

10-29 

25.0 

A4473302 

1 

Test 

25 

3.00 

10-30 

25.0 

A4473303 

1 

Test 

25  Continued 

3.50 

Installed  Shroud  Configuration 

4 

11-2 

System  Check  Run 

0.92 

11-5 

20.0 

A4473309 

1 

Test 

20 

7.57 

11-6 

22.0 

A4473310 

1 

Test 

22 

1.52 

TOTAL  TEST  TIME  152.95 
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CONDENSED  LOG  ASATT  TEST  PROGRAM 


DATE 

RUN 

NUMBER 

DAGS  TAPE 
I.D.  NO. 

MTS  EQUA- 
TION NO. 

TEST 

(See 

NO . /DESCRIPTION  TEST 

Table  II  for  Test  Dlsc)TIME 

11-6 

21.0 

A4473310 

1 

Test 

21 

1.28 

11-9 

23.0 

A4473313 

1 

Test 

23 

1.28 

11-9 

24.0 

A4473313 

1 

Test 

24 

1.28 

11-9 

22.1 

A4473313 

1 

Test 

22  Repeat 

2.75 

11-13 

24.1 

A4473317 

1 

Test 

24a 

1.58 

11-16 

24.2 

A4473320 

1 

Test 

24b 

4.33 

11-19 

24.3 

A4473323 

1 

Test 

24b  Similar  to  Test 

24a 

1.92 

Repeat  Test 

Runs 

11-25 

3R.0 

A4473329 

1 

Test 

2 Repeat 

3.29 

11-26 

5R.0 

A4473330 

1 

Test 

4 Repeat 

4.50 

11-27 

6R.0 

A4473331 

1 

Test 

6 Repeat 

2.45 

11-27 

8R.0 

A4473331 

1 

Test 

8 Repeat 

3.28 

11-29 

9R.0 

A4473333 

1 

Test 

9 Repeat 

2.83 

11-30 

7R.0 

A4473334 

1 

Test 

7 Repeat 

4.92 

12-3 

BL.O 

A4473337 

1 

Test 

2 with  Inlet  Rakes 

Removed  2 . 34 


TOTAL  TEST  TIME  188.42 

END  OF  PHASE  II  TESTING 
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APPENDIX  E 


PROBLEM  AREAS  ENCOUNTERED 
DURING  PHASE  III  TESTING 


Several  of  the  problems  encountered  during  the  Phase  III  testing  effort 
are  briefly  described  below  to  assist  future  similar  programs  in  applying 
testing  techniques  developed  during  the  ASATT  Program. 

1.  Nozzle  Exit  Survey 

The  radial  and  circumferential  total  pressure/angle  survey  was  performed 
on  the  ASATT  full  round  nozzle  using  a uniquely  constructed  traversing 
mechanism  fastened  to  the  turbine  rotor  shaft  (Figure  E-1). 

The  probe  was  constructed  such  that  the  survey  could  be  regulated  radially 
and  circumferentially.  The  probe  was  free  to  pivot  in  two  dimensions  to 
a nulled  position  determined  by  side  taps  on  the  probe.  Because  of  the 
length  of  the  probe  from  the  pivot  point,  the  sensing  end's  position 
changed  considerably  as  it  was  rotated  to  a null  position.  The  probe  pro- 
jections tend  to  focus  toward  mid-channel.  Figure  E-2  illustrates  the  axial 
shift  of  the  probe  sensing  end  as  the  null  angle  changes.  At  10%,  this 
axial  shift  indicates  flow  affecting  the  nulling  could  be  from  5%  to  10% 
height  projections  Instead  of  just  10%. 


Regions  where  survey  data  exist  are  illustrated  in  Figure  E-3.  The  projec- 
tions incorporated  in  this  plctoral  representation  Ignored  the  change  of 
percent  height  associated  with  the  axial-radial  shift  of  the  sensing  end 
in  the  flaring  annulus.  The  regions  of  missing  data  present  an  indetermi- 
nant problem  in  constructing  loss  contours. 

The  total  pressure  probe  was  redesigned  to  move  the  probe  head  closer  to 
the  nozzle  vane  trailing  edge.  The  design  was  accomplished  by  extending 
the  probe  in  an  axial  direction  toward  the  nozzle  approximately  l^t  Inches 
and  curving  the  probe  head  into  the  flow  direction  for  a distance  of  3/8 
inch  (Figure  E-4).  With  the  traverse  mechanism  mounted  on  the  turbine  rotor 
shaft (Figure  E-l(a))  the  probe  tip  was  spaced  approximately  0.25  in.  (meas- 
ured axially)  from  the  nozzle  vane  trailing  edge.  That  location  was 
chosen  to  simulate  the  rotor  leading  edge  axial  location  so  that  the  loss 
profiles  measured  would  approximate  the  loss  profiles  entering  the  rotor. 

The  probe  tip  was  fabricated  with  the  same  geometry  as  the  original  probe 
to  achieve  the  same  recovery.  The  surveys  were  conducted  at  a fixed  angle 
(a  nulling  system  was  not  Incorporated  on  the  redesigned  probe)  and  the 
vacant  data  areas  are  discussed  above  and  shown  plctorlally  in  Figure  E-3. 

The  results  of  the  surveys  were  very  satisfactory.  Even  though  measured  air 
angles  were  not  obtained,  the  improved  accuracy  of  the  total  pressure  measure 
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(a)  VIEW  INTO  NOZZLE  EXIT  WITH 
TRAVERSING  MECHANISM  INSTALLED 


(cJ)  SUPERSONIC  PITOT,  ANGLE 


(b)  CIRCUMFERENTIAL  ACTUATOR 
INSTALLED  ON  ROTOR  SHAFT  AT 
OPPOSITE  SIDE  OF  PLENUM 


(c)  TRAVERSE  MECHANISM  PROVIDES 
UNIQUE  SOLUTION  TO  RADIAL  AND 
CIRCUMFERENTIAL  TOTAL  PRESSURE 
AND  ANGLE  SURVEY  AT  NOZZLE  EXIT 


Figure  E-1.  Test  1 (Nozzle  Performance)  Facility  Installation  and  Test 
Equipment . 
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PROPOSED  SURVEY 
PLANE  FOR  BLOW 
DOWN  REPEAT 


Figure  E-2.  Axial  shift  in  Measurement  Plane  as  a Result  of  Nulling. 
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Figure  E-3.  Regions  of  Data  Taken  During  Survey  Shows  Concentration  in  Mid 
channel  and  Reduces  Value  of  Contour  Plots. 


Figure  E-4.  Redesigned  Total  Pressure  Probe  Installed  in  Traverse  Mechanism 
(shown  in  Phase  V installation). 
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merits,  together  with  the  measured  inner  and  outer  wall  static  pressure,  per- 
mitted a good  estimate  of  the  air  angle  distribution  using  a continuing  of 
mass  flow  calculation. 

2.  Torque-meter  Vibrations 

During  the  initial  rotating  turbine  stage  tests  vibratory  problems  were 
experienced  at  the  in-line  Himmelstein  torquemeter.  An  extensive  investi- 
gative effort  revealed  that  the  cantilever-mounted  torquemeter  had  a 
resonance  near  the  turbine  design  speed  (26,000  - 28,000  RPM) . The  prob- 
lem was  resolved  by  constructing  a bracket  fixing  the  cantilevered  end 
of  the  torquemeter  to  the  plenum  housing. 

3.  Water  Brake  Vibrations  and  Bearing  Failures 

The  water  brake  dynamometer  used  to  load  the  turbine  was  a Kahn  Model  401- 
015.  This  unit  was  selected  since  it  adequately  covered  the  power  and 
speed  range  determined  for  the  ASATT  turbine  testing  (Figure  E-5) . Several 
problems  were  experienced  during  testing  which  caused  considerable  delays 
in  the  test  schedule;  however,  the  problems  were  resolved  and  the  program 
was  completed  satisfactorily. 

The  two  most  critical  problems  were:  high  vibrations  caused  by  unbalance 

of  the  rotating  disk,  and  bearing  failures  caused  by  inadequate  lubrication 
of  the  water  brake  bearings.  The  balance  problem  was  resolved  by  rebalanc- 
ing the  smooth  disk  to  within  0.001  oz-ln.  The  bearing  lubrication  prob- 
lem was  solved  at  the  Kahn  Company  by  modifying  the  oil  mist  supply  to 
permit  lubricant  flow  through  the  bearing. 
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HORSEPOWER 


RPM  (1000) 


Figure  F.-5.  Water  Brake  Operating  Envelope  - The  Power  Absorption  Require- 
ments of  the  ASATT  Turbine  Fall  Within  the  Water  Brake  Operating 
Envelope  for  all  Planned  Test  Points. 


LIST  OF  SYMBOLS 


2 

A area,  in. 

Cf,  Isentroplc  velocity  corresponding  to  total  head,  fps. 

Cp  specific  heat  at  constant  pressure 

c,b  actual  chord,  in. 

Cy  axial  chord,  In. 

D diffusion  parameter,  dimensionless 

g gravitational  constant,  32.17  ft/sec^ 

AH  turbine  work,  Btu/lb 

h,  blade  height,  in. 

Kg  blockage  factor  dimensionless 

1 Incidence  angle,  deg. 

J mechanical  equivalent  of  heat,  778.2  ft-lb/Btu 

M Mach  number 

N rotational  speed,  rpm 

do  throat  dimension,  in. 

o solidity 

P stagnation  pressure,  psla 

I'  static  pressure,  psla 

^ R radius,  in. 

S entropy 

s pitch  spacing,  in. 

T stagnation  temperature,  “R 

t trailing  edge  thickness,  in. 

t static  temperature,  *R 


U 


blade  velocity,  fps 
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LIST  OF  SYMBOLS  (continued) 


nozzle  Zweifel  coefficient 
rotor  Zweifel  coefficient 
absolute  gas  velocity,  fps 
airflow,  Ibs/sec. 

relative  gas  velocity,  fps 

Loss  of  total  head  pressure 
Loss  coefficient.  Total  pressure  at  blade  outlet  - 
Static  pressure  at  blade  outlet 

gas  weight  flow,  Ibs/sec. 

number  of  blades 

relative  gas  flow  angle  measured  from  axial  direction,  deg. 

absolute  gas  glow  angle  measured  from  axial  direction,  deg. 

boundary  layer  thickness 

boundary  layer  displacement  thickness 

5*  - / (1+  pW  ) dy 

Jo 

boundary  layer  momentum  thickness 

C ^x'^x  '^x 

®“  / pw 

•'o 

boundary  layer  shape  factor 

H - 

0 

incompressible  form  factor 

velocity  parallel  to  the  wall 
theoretical  wall  velocity 

coordinate  system  parallel  to  and  perpendicular  to  the  wall 

u ' 

turbulence  intensity  T ■ ^ 

RMS  velocity  in  thru  flow  direction 
Mean  thru  flow  velocity 
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LlbT  OF  SYMBOLS  (continued) 


B 


€ 

<?cr 


ratio  of  Inlet  stagnation  pressure  to  sea  level  standard 


^ total-to-total  adiabatic  efficiency,  percent 

^ efficiency.  Actual  velocity  , corresponding  to-total-to 

Isentroplc  velocity  static  pressure  ratio 

f density,  slugs/ft^ 

Y,k  ratio  of  specific  heats 

TDF  Combustor  temperature  distribution  factor, 

defined  as:  7^  maximum  - average 

T5  average  - Tcdt 

Where,  5 is  at  turbine  rotor  Inlet 
CDT  Is  compressor  discharge 

Hub  stage  loading  - 2gJ  H/U^h 

Subscripts: 

av  average 

cr  conditions  at  Mach  number  of  1.0 

h,H  hub 

m mean  condition 

p pressure  surface 

r radial  direction 

8 suction  surface 
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LIST  OK  SYMBOLS  (continued) 


si 

T 

t 

X 

9 


standard  sea  level  conditions 

total  condition 

tip 

axial  direction 
tangential  direction 


I’d 


Turbine  Velocity  Diagram  Station  and  Sign  Notation 
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